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Abstract
The present study evaluates the thermal comfort in the east bedroom of the Net-Zero Energy Residential
Test Facility (NZERTF) in a mixed-humid climate. This unit was constructed by the National Institute of
Standards and Technology for scholars to analyze its energy performance and indoor environmental
quality. The thermal comfort is investigated in a designated bedroom space by analyzing 27 dry-bulb
temperature, 4 airspeed, 6 globe temperature, and 6 relative humidity sensors in a 3x3x3 array and a center
sensor stand during two opposite seasonal months (July and December). The conventionally ducted heat
pump, small duct high velocity, and heat recovery ventilation systems are operated intermittently based on
a temperature set point interval. A laptop and "Child B" are simulated with 1.2 and 1.7 metabolic rates
(met) and seasonally different clothing ranges (clo). Predicted Mean Vote (PMV) and Predicted Percentage
of Dissatisfied (PPD) are calculated based on the ASHRAE standard 55-2017. PMV with higher clo and
1.2 met resulted within the ± 0.5 thermal comfort zone during both months. Simulations with the higher
clo (0.57 and 1.14 clo) and higher met expectedly provided slightly higher PPD than 10% limit, which
corresponds to the thermal comfort zone. However, for the simulated occupant with 1.7 met, 84.1% and
92.9% of the daily time on July and respectively December is within the limit of 20%, known as local
thermal comfort limit. Based on the prediction calculations, the thermal comfort in the respective NZERTF
space during these months is determined to be habitually satisfying.
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4. Introduction and Literature Review
According to the United States Environmental Protection Agency,
average Americans spend 90% of their day inside of the buildings [1]. The increased
amount of time that humans stay indoors resulted in the larger energy consumption to
maintain their living environment sensationally and thermally comfortable. Especially,
space heating and cooling comprise 38% of carbon dioxide emissions from residential
facilities [2]. Based on the 2020 Greenhouse Gas Emission report from the United States
Environmental Protection Agency (EPA), U.S. produced 6,677 million metric tons of
carbon dioxide equivalents in 2018, and the emissions increased from 2017 to 2018 by
3.1% caused by the higher demand from the fossil fuel combustion and higher heating and
cooling needs due to extreme weather condition in 2018 compared to 2017. Moreover, the
residential/commercial sectors comprise 12% of the total greenhouse gas emission in the
world [2]. Therefore, many global construction firms and governments have been devoted
to the improvement of the indoor environmental quality (IEQ) and energy performance of
dwellings by developing net-zero buildings and carbon-free infrastructures. Net-Zero
Energy buildings have been acknowledged as a feasible solution to address the immense
amount of energy used in the dwellings.
According to the National Institute of Standard and Technology (NIST), Net-Zero
Energy House is an energy-efficient dwelling that minimizes energy demand through the
high-performance enclosure and installation of energy-efficient mechanical systems and
generates enough renewable energy to meet its own annual energy consumption [3]. NetZero Energy House’s total amount of energy consumption must be less than or equal to the
total amount of energy generated on-site. Parker et al. presented that very low energy use
buildings and Net Zero Energy Homes are already available to be commercialized in North
America if the political and public will be accommodated. They described that although
Net Zero Energy Homes requires solar water heating and solar electricity system, they are
generally more cost effective and sustainable than Passive Houses (PH) [4]. Voss et al.
proposed that Net Zero Energy House reduce 60% of energy demand compared to a
standard building that was constructed based on the valid energy codes. Additionally, Voss
explains that Net Zero Energy Houses increase their own value and investment in the
housing market and minimize the financial impact from the increment of energy price [5].
Since the 1990s, many reputable research projects on net-zero energy houses and PH
have been continued in the world. Kosonen et al. investigated the design and practical
usability of a net-zero energy log house in Finland. Kosonen presented that the examined
house performed better than the national nearly zero-energy building regulations in energy
efficiency [6]. Based on 3-year test measurements, Gaj et al. demonstrated that the existing
house in Poland can fully provide the energy demand of a single-family with high stability
of annual energy production by using photovoltaic (PV) panels and electric heating system
based on climate conditions and impact of the angle of inclination and orientation of
modules [7]. Additionally, Corduban et al. demonstrated their future research project to
optimizing an existing PH in Romania into a Net Zero Energy Building based on a
meticulous multi-criteria energy simulation. They explained that the implementation of
their MODELLUS single-family house model will provide the cost-efficient house
prototype in the housing market, reduce energy embedded in materials by using the local
materials, and achieve the possibility of an affordable ecological house with low
investment in the society [8]. Yu et al. shared the five essential strategies and lessons that
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his team achieved from participating in the Solar Decathlon Europe Competitions for
constructing a Zero Energy Solar House. Yu presented that solar tracing systems and
installing mature insulation core materials are beneficial to energy performances [9].
In addition to the development of Net Zero Energy House design and optimization,
innovative mechanical ventilation systems were developed to improve the IEQ and GHG
emissions. Iordache et al. provided a new ventilation system that can improve the indoor
environmental quality and reduce the energy consumption on the space heating and cooling
by analyzing the geothermal Earth Air Heat Exchanger (EAHX) for preheating and cooling
the energy-efficient house. As a result, EAXH provided 19 °C higher heated air and about
18 °C lower cooled air. Additionally, they showed that EAHX is a suitable solution to
provide thermal comfort in the summer for climates with a mild winter and an extremely
hot summer [10]. Dabaieh et al. investigated the effect of the Trombe wall and Green wall
in a low-impact passive refugee house in Lund, Sweden on the energy consumption and
interior thermal comfort. Trombe wall was a double glazing and black wall that used the
saved heat from daytime to heat the building at night and it was effective for the cold and
mild weather. The Green Wall was a greenhouse wall to maintain the indoor temperature
in the minimum range of 8 °C in winter and a minimum range of 11 °C in summer and to
provide good indoor air quality [11]. Wang et al. evaluated the impact of water thermal
walls on energy consumption and thermal comfort in the PH in China. The water thermal
storage wall (WTSW) was an exterior steel and concrete wall surrounded by water to
maximize the heat transfer and store heat transfer energy from outside. As a result, the
examined PH with WTSW increased the index of indoor thermal comfort by 12.9 % [12].
This study will analyze thermal comfort in the east bedroom on the second floor of the
Net Zero Energy Residential Test Facility (NZERTF). NIST constructed NZERTF in
Maryland with an airtight structure and highly insulated walls to encourage scholars to
analyze the energy performance and IEQ of the energy-efficient house. NZERTF is a
residential building that can accomplish net-zero energy and provide a high-quality indoor
environment for various uses, see Fig.1. NIST installed a 10-KW solar photovoltaic system
and on-site energy storage electrical grids to allow the NZERTF to generate and manage
the renewable energy independently from the outside energy source. However, one of the
main problems of the energy-efficient houses is that it tends to be overheated during the
summer because of an airtight envelope which makes fresh outdoor air harder to penetrate
the dwelling’s thick insulated wall. This problem can lead occupants to experience thermal
discomfort and then demand more cooling energy. To develop the recirculation of indoor
air and to maintain a high quality of air, various mechanical ventilation systems, including
Heat Recovery Ventilation system, a Small Duct High-Velocity (SDHV) system, and an
energy-efficient Heating, Ventilating, and Air-Conditioning (HVAC) system, should be
installed in the house. The thermal comfort study in the NZERTF is to determine and
improve the IEQ in the east bedroom of the NZERTF based on the prediction and
measurements [3].
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Figure 1. Picture of the South Side of NZERTF in Gaithersburg, Maryland [3]
According to Fanger, [13] Thermal comfort is a condition that an individual satisfies
with the thermal environment. NZERTF aims to generate thermal neutrality, a condition in
which the subject would prefer neither warmer nor cooler surroundings, inside of the
building. The building also targets to minimize the extreme thermal conditions because
indoor environments directly influence short- and long-term human health. The desire for
thermal neutrality depends on various factors: national-geographic location, age, gender,
health condition, and culture. Additionally, as the house cannot be in the absolute uniform
and steady-state condition, the minor thermal discomfort can be caused by draft, the
vertical temperature difference in an isolated location, unilateral heating or cooling of the
body, asymmetric radiant fields, cold and warm floors, ability of footwear, and indoor air
pressure [13]. Therefore, it is difficult to satisfy everyone in the room because of the variety
of indoor circumstances and residents’ different expectations about the thermally satisfying
condition. However, Fanger et al. generated equations that can quantify the human
satisfaction of living environment through achieving a surprisingly precise agreement
between the demanded temperature for thermal neutrality in different groups of people. He
initiated the comprehensive definition and establishment of thermal comfort conditions by
combining metabolic heat production, heat transfer in the environment, and physiological
adjustments. He determined two practical assessments of the thermal environment:
Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). Additionally,
he investigated the ways to achieve thermal comfort by using combinations of 6 variables
in any environmental condition [13].
His discovery has been used to determine the thermal comfort of various residential
and commercial buildings and researcher has developed his analytical methods. Udrea et
al. investigated the thermal comfort of a PH without an extra cooling system in Romania
with their field survey from July 9th to July 11th, 2013. 80.6% of building occupants
answered the survey on the thermal comfort in the PH with “OK.” However, in the survey,
16 % of residents who lived on the third and fourth floor responded that their house was
“warm”, and 8% of occupants said that the indoor environment was “hot”. By comparison
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of PMV and thermal sensation (TSV) indices, adaptive thermal comfort behavior is
remarked [14]. Salehi et al. questioned Fager’s PMV model and compared the actual
thermal sensation of the individuals by using the developed GPR model and the
Dr.Fanger’s PMV method. The estimated thermal demand by GPR model surpassed the
PMV model resulting in heating and cooling discomfort. The GPR result predicted 89% of
the thermal demand, which was collected manually from individuals, but the PMV
achieved 61% of the thermal demand [15].
4.a) Simulation of Occupancy
NIST created the simulated occupancy schedule, energy load from appliance usage,
and sensible and latent load from the occupants based on the U.S. Department of Energy
suggestions. They simulated 4 virtual members, two adults, and two children, as the singlefamily in the respective unit. “Child A” is identified as a fourteen-year-old middle school
teenager, and “Child B” is an eight-year-old elementary school student. As this study only
focuses on the east bedroom which was used by Child B himself/ herself, the schedule of
Child B is only considered for the thermal comfort data analysis. NIST used the normalized
occupancy patterns from the U.S. Department of Energy (DOE) Building America
benchmark for weekdays and weekends based on each occupant’s profiles. Building
America benchmarks are mid-1990 standard occupant profiles that were established by
DOE national laboratories and top U.S. home builders to develop the energy efficiency of
the house. Under this schedule, Child B was assumed to attend a daycare or camp during
the summer break, therefore the Saturday schedule was applied during the entire month of
July. Child B occupancy was also assumed to follow the Saturday schedule the entire
month of December based on Child B’s given schedule from NIST. NIST simulated the
water usage, lighting usage, cooking loads, and appliances load by generating sensible and
latent loads through a heating box per simulated occupant and appliance (Fig.,2) and latent
heat generators, two ultrasonic humidifiers (Fig. 3). The sensible heating box consisted of
a bulb socket screw-in heater and a dimmer switch. Two ultrasonic humidifiers were
installed in the kitchen to represents the latent loads from cooking and human activity in
the kitchen. Each humidifier’s output capacity was 0.27L/h based on the laboratory test
and Field test Protocol: Standard Internal Load Generation for Unoccupied Test Homes
[16].

Figure 2. Picture of a Heating Box That Represents Each Occupant in NZERTF [16]
Figure 3. Picture of Latent Heat Generators, Ultrasonic Humidifiers, in the Kitchen [16]
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Based on the NIST’s east bedroom occupancy simulation schedule (NIST Technical
Note 1817), the status of child B and a laptop (heating box) is plotted in Fig. 4. A heating
box that emulated Child B was located behind stand 4 of the 3x3x3 array of sensor
and emitted the constant 70 W of power load when it was activated. Child B went
downstairs at 9 AM and came back to the room for 30 minutes at 12:30 PM. Child B used
a laptop from 6:30 PM to 7:30 PM and stayed another 30 minutes in the room until 8 PM.
A heating box that represented a laptop was located in between the stands 7 and 8 of 3x3x3
array of sensors and was estimated to use 101.6 W of power when it was active and 16.0
W during the standby status. Then, Child B was scheduled to be in the room from 10 PM
to the next day at 9 AM. As the specific activity of Child B was not indicated by NIST and
the heating box power load of Child B was consistent at both day and night, Child B’s
metabolic rate (met) is assumed as 1.2 met or 1.7 met based on the 0.7 to 1.7 met range
that was specified by NIST [16]. 1.2 met represents an activity of “standing, relaxed” and
1.7 met is representing a “walking about” activity. 1.2 met was chosen based on the
ASHRAE standard 55-2017 [17] and 1.7 met was chosen because it was the maximum met
set by NIST [3]. In this study, 1.2 and 1.7 met were respectively used for both months
indoor PMV and PPD calculation to determine the thermal comfort. Child B clothing rate
(clo) range of 0.36 to 0.57 clo for the cooling season and 0.61 to 1.14 clo for the heating
season. 0.36 clo represents “walking shorts and t-shirts,” and 0.57 clo represents “short
sleeve shirt and trousers.” 0.61 clo is “long-sleeve shirt and trousers” and 1.14 clo is “suit
jacket, vest, long-sleeve shirt, and trousers” as levels for clothing [16].

Figure 4. Saturday Schedule of Simulated Occupant, Child B in East Bedroom.
4.b) Mechanical Ventilation Systems
Due to the airtight structure of the dwelling and highly insulated walls, each room was
mechanically ventilated with intermittent operation of four mechanical air distribution
systems: Small Duct High-Velocity system (SDHV) with air-to air SDHV heat pump,
Conventionally Ducted air-to-air or ground-source Heat Pump (CDHP), short run supply
air duct system with cassette-type outlet, and Heat Recovery Ventilation system (HRV).
On July and December 2017, only SDHV, CDHP, and HRV systems were intermittently
operated in the east bedroom. SDHV and CDHP air distribution systems were located next
to each other in the basement and comprise with Air-to-Air Heat pump outdoor and indoor
units. To evaluate each system’s energy efficiency and impact on the thermal comfort in
the NZERTF, the SDHV and CDHP systems were operated alternatively in different weeks,
instead of daily flip-flop operation. NIST insisted that this weekly rotation was conducive
to analyze each impact on the energy performances and minimize their operation overlap
due to NZERTF’s huge thermal inertia [18].
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CDHP system is a conventionally ducted air distribution system with an Air-to-Air heat
pump system and a E-core, laminated steel plate type transformer. Basement air handling
unit provided reheated air into two CDHP supply outlets in the east bedroom. 19 cfm and
18 cfm of air were provided from the top of the north side wall. Small duct high velocity
system also activated with air-to-air heat pump and toroidal transformer and supplied air
through insulated main air handling unit trunk with 9 in diameter trunk line from the
basement to the attic. This shifted air wass injected through three 2 in diameter SDHV
supply air outlets at each corner of the east bedroom, except the corner near the entrance
door. The flexible trunk lines provided 2039 𝑚3 /ℎ to entire house and individual take off
outlets with variable speeds and airflow rates. The velocity of the air flow varied depends
on the temperature difference in the living room. Both CDHP and SDHV air handling unit
connected to the indoor units were installed in the basement and outdoor units were
installed first floor south east side of the building. [19] Moreover, both air handling units
includes the reheat heat exchanger and hot gas bypass arrangement which provide
dehumidification function to the house. Since the status of two systems does not specify
the actual operating status over time, the power loads of each system are used to determine
their respective operating time. The CDHP and SDHV power load shows the exact time
when the system was providing air into the entire house pertaining to the set temperature
in the living room. Each graph of status of both systems are displayed in appendix B [3].
Lastly, the HRV is installed with a duct system separated from the central air handling
unit and it is the only system provide heat transferred outdoor air into the NZERTF. Based
on the ASHRAE Standard 62.2 requirement, [3,20] this system is set to provide 80 cfm
outdoor fresh air into the house through outdoor duct system which is in the west side of
the first floor [19]. This outdoor air is mixed with the 1000 cfm exhaust air from the kitchen,
dryer, and bathroom exhaust fan and transfer back into each room [3]. HRV system is
operated every 45 minutes and provided 24 cfm of heat recovered air flow between the
CDHP supply outlets on the top of the northside wall. Dry bulb temperature, dew point
temperature, airflow rate, and pressure difference are collected to monitor the performance
of the HRV system and calculate the energy efficiency. Type-T thermocouple, TSI
VelociCalc 8357, and a pressure gauge are located inside of the four ducts and midway in
the airstream. They are installed one foot away from the bending part and junctions of the
duct system. The pressure between indoor and outdoor is measured at the front door using
INFILTEC DM-4 Dual Digital Micro-Manometer [3].
For future study, NIST will install additional heat pump suppliers on the bottom of the
floor and a short run supply air duct system on the ceiling. [18,19] Every HVAC systems
function based on the setpoint temperature which was measured in the living room of the
first floor. The setpoint temperature for cooling season is 75 ℉ and heating season is 70 ℉
with 50 % relative humidity. Lastly, all the duct system used in the NZERTF are R-42
insulated sheet metal [3].
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5. Method
5.a) Thermal Comfort
Based on the ASHRAE Standard 55-2017, two methods that are demonstrated to
determine and analyze thermal comfort in an isolated room are physically measuring the
indoor environment and surveying a large group of occupants. This study used the first
physical measurement and prediction method because the dwelling does not contain real
occupancy in the house due to its testing and research purpose. The combinations of indoor
thermal environmental factors (indoor and outdoor temperature, airspeed, and relative
humidity) and personal factors (clothing rate and metabolic rate) are used to calculate the
Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). According
to ASHRAE, PMV is “an index that predicts the mean value of the thermal sensation votes
of a large group of persons on a sensation scale expressed from -3 to +3 scale” [13]. The
PMV scale is shown below. Since the PMV is a mean human expression on the thermal
discomfort of a group of people in the same surrounding, it does not provide the
information of how many people who does not satisfy with the thermal condition.
Therefore, PPD was determined by Dr. Fanger to state how many percentages of people is
expected to express dissatisfaction in a group. PPD is “an index that establishes a
quantitative prediction of the percentage of thermally dissatisfied people determined from
PMV” [13]. Dr, Fanger generated the function of PMV and PPD by creating a smoothed
estimate of the percentage of cold-dissatisfied (-2 to -3 PMV) and warm-dissatisfied (+2 to
+3 PMV) and used this function to determine the PPD. the Fig 5 presents a semilogarithmic plot of PPD as a function of the PMV. Since thermal dissatisfaction in a group
of people exists in any indoor environment, the minimum % of PPD is 5%, which equals
to 0 PMV. Therefore, based on the curve in Fig. 5, the 10 % of PPD is selected as the
thermal comfort zone, which is when ±0.5 PMV [17].
PMV scale
Scale
Sensation
+3
Hot
+2
Warm
+1
Slightly Warm
0
Neutral
-1
Slightly Cool
-2
Cool
-3
Cold
Figure 5. Correlation Curve of Predicted Percentage of Dissatisfied (PPD) and Predicted
Mean Vote (Right); Scale of PMV Thermal Sensation [13,17,21].
Due to the individuals’ physiological and psychological difference on the thermal
sensation, it is difficult to provide an indoor thermal condition that everyone satisfied with.
Normally, in most residential and commercial dwellings, the 90% satisfied percentage is
not achieved although the indoor environment is uniform and steady. Therefore, ASHRAE
decreased the thermal acceptability level from 90% to 80% based on the consideration of
local thermal discomfort. Local thermal discomfort is the thermal discomfort caused by the
radiant temperature asymmetry, vertical air temperature difference, draught, and cold and
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warm floors in a room. These local discomfort factors contribute an additional 10% of PPD
to the discomfort prediction by PMV. The PMV and PPD result from this study is
represented with thermal comfort limitation with both 90% thermal acceptability and local
thermal comfort limitation with 80% thermal acceptability. The daily percentages of
achieving thermal comfort are represented in a monthly bar graph for both July and
December with specific clo and met in section 7.a.1 and 7.a.2 [17,22].
The analytical comfort zone method from the ASHRAE standard 55-2017, Appendix
B is used to calculate the PMV and PPD in this study. It applies to all the circumstance
with a human activity and environment limitation on airspeed and relative humidity.
Occupancy should be represented between 1.0 and 2.0 met and average airspeed and
relative humidity (RH) are limited to 40 fpm and 60% RH, respectively. The daily average
airspeeds in both July and December are determined to be lower than 40 fpm and relative
humidity variation is explained in the section 6.b. MATLAB software was used to
determine the PMV with 8041 middle-level data at stands 1, 3, and 8 based on the
ASHRAE standard 55 “computer program for Calculation of pmv-ppd” [17]. The
MATLAB code used for calculation is displayed in the Appendix H.2 Moreover, distinct
clothing rates and metabolic rates used in this study are explained in the section 4.a.
As the 3x3x3 array of sensors collected data with 10-seconds interval and the CS stand
operated with 1-minute interval readings, the airspeed measured at stand 5 and the mean
radiant temperature, dry bulb temperature, and relative humidity from the CS stand were
compared and matched at the similar time. The excel OFFSET function was used to select
1438 measurements from 8640 airspeed data points that matched with the system time of
the CS stand. In the PMV calculation and representation with the plot, PMV and PPD
results from the combination of the CS stand and the stand 5 were called “S5”. And Stands
1, 3, and 8 were called “S1”, “S3”, and respectively “S8.”
5.b) Indoor Environmental Condition Measurements.
5.b.1) Directly Measured Parameters
Dry bulb temperature, airspeed, and relative humidity measurements were acquired by
using each special sensor at different locations. NIST installed two types of sensor stands
in the east bedroom to detect 4 directly measured parameters. They installed a center sensor
(CS) stand in the center of each room in NZERTF to determine the general room
temperature and relative humidity correlated to each room. The CS stand collected dry bulb
temperature, globe temperature, and relative humidity with a 1-minute interval in the center
of the room. All three sensors were installed 55.1 in from the floor, and the operative
temperatures were calculated based on equation Eq. 1 by NIST [3]. The T-type
thermocouple was used to measure dry-bulb temperature and a T-Type thermocouple with
a grey 40 mm ping pong ball detected the globe temperatures. The globe temperature
measurements were used to calculate the MRT and the detailed method for MRT
calculation is provided in section 5.b.2. Michell Instruments WM32-3-XXHX was used to
measure the relative humidity. Additionally, as the indoor environment is immensely
affected by the outdoor environmental conditions, outdoor ambient temperatures are
compared with the indoor temperatures in this study. Therefore, outdoor ambiance
temperatures sensor, Omega QD-APT-316E-6, perforated-tip type T thermocouple, was
installed under the wind sensor on the peak of the roof. This thermocouple was a shield
with a passively vented multi-plate radiation cover to maximize the accuracy of
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measurement and minimize the potential malfunction from outdoor environments like
wind, rain, and snow [3].
𝑇𝑜𝑝 = 𝑇𝑖𝑛 + (𝑇𝑔𝑙𝑜𝑏𝑒 − 𝑇𝑖𝑛 )/(2𝑓𝑔 )
[1]
In addition to the CS stand, NIST installed a 3x3x3 array of sensors in the east bedroom,
specifically for the thermal comfort study. The levels of the 3x3x3 array were 66.9 in. for
High level, 43.3 in. for Middle level, and 23.6 in. for the Low level from the floor. Each
sensor stand was 32 in. width and 54 in. length away from each other. 27 dry bulb
temperature sensors were installed in every index location of 3x3x3 array; however,
relative humidity, airspeed sensor, and globe temperature sensors are set only in the middle
level of the certain stands. 6 relative humidity measurements are collected at the stands 1,
3, 5, 7, 8, and 9, and the 4 airspeeds are measured at the stands 1, 3, 5, and 8. Every sensor
installed in the 3x3x3 array was measuring at intervals of 10 seconds. Importantly, airspeed
at stand 5 were combined with the physical measurements at the CS stand to determine
PMV results at the location including the stand 5 and the CS stand. Specific method to
combine the two data sets from stand 5 and the CS stand are explained in the section 5.a.
Moreover, all the equipment used in 3x3x3 array and CS stand are the same brand products
and detailed information of equipment are provided in Table 1. Additionally, configuration
of 3x3x3 array of sensors on each month are presented in the Fig. 6 and 7.

Figure 6. Simplified Schematic of 3x3x3 Array of Sensors in East Bedroom.
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Figure 7. Top View of the East bedroom with the Configuration of Sensor Stands on July
(Left) and December (Right) 2017.
Table 1. Description of Sensor Equipment used for Thermal Comfort Study in/out of East
bedroom [3].
Equipment
Data label
Model
Range
Total Uncertainty
at 95% confidence
level
Hot wire
AS1, AS3,
TSI VelociCalc
0 fpm to
±3 %
anemometer
AS5, AS8
8357
9842.5 fpm
or 2.95 fpm
Dry bulb
temperature
sensors
Humidity
sensors
Globe
temperature
sensors
Perforated-tip
thermocouple
probe (type T)

Room Temp
- BR3 Temp,
T1H, T1M,
T1L, T2H…
Bedroom 3
RH, RH1,
RH3, RH7,
RH8, RH9
Tg, TG1,
TG3, TG5,
TG7, TG8,
TG9
Outdoor
Ambient
Temp

Type-T
thermocouple

55.4 °F to
86 °F

Michell
0 %RH to 100
Instruments
%RH
WM32-3XXHX
Type-T
55.4 °F to
thermocouple
86 °F
inside gray 40
mm ping pong
ball
Omega QD-AP- 0 °F to 122 °F
T-316E-6

± 0.36 °F

± 3 %RH

± 0.36 °F

± 1.0°F
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5.b.2) MRT Calculation
Heat transfer from radiation significantly influences the human body, local living
environment, and thermal comfort. Therefore, mean radiant (MRT) is included as one of
six essential parameters to determine the PMV based on ASHRAE Standard 55-2017 [17].
MRT is a globe temperature of a uniform black sphere (0.97 emissivity) which experiences
the same amount of radiation heat transfer as the amount of heat transfer that the occupant
body experience in the surrounding environment. Instead of measuring the temperature of
surrounding walls and surfaces, and positions of the occupants, NIST uses a gray spherical
globe thermocouple in four different locations of the east bedroom. The globe temperature
is measured at the middle level of stands 1, 3, and 8 and the CS stand. Collected globe
temperatures, airspeeds, and dry-bulb temperatures are used to calculate the MRT at stands
1, 3, and 8 by using Eq. 2 to Eq. 6. These equations refer to the ASHRAE HandbookFundamental section Measurement and Instruments 37.32 and the calculation is carried out
by using the Microsoft Excel software. All the temperature measurements are converted to
Fahrenheit degree for uniformity. MRT at the CS stand is calculated and provided by NIST
“indexing indoor environment data” Excel file [22].
°

𝐾 = (℉ + 459.67)/1.8
℉ = 1.8 ∗ °𝐾 − 459.67
℉ = 1.8 ∗ ℃ + 32
100∗60
𝑉𝑎,𝑓𝑝𝑚 = 𝑉𝑎,𝑚/𝑠 ∗ 2.54∗12
4

𝑇𝑟 = [(𝑇𝑔 + 459.67) +

4.74∗107 ∗𝑉𝑎0.6
𝜀∗𝐷 0.4

𝑇𝑟 = Mean radiant Temperature (℉)
𝑇𝑔 = Globe Temperature (℉)
𝑇𝑎 = Air temperature (℉)

1/4

∗ (𝑇𝑔 − 𝑇𝑎 )]

− 459.67

[2]
[3]
[4]
[5]
[6]

D = Diameter of the globe (ft)
𝜀 = Emissivity of globe, 0.95
𝑉𝑎 = air velocity (fpm)

Figure 8. Center Sensor Stand in Center of Each
Room; closed-up shielded dry bulb temperature
sensor, globe temperature sensor, and relative
humidity sensors are shown in the inset [3]
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Figure 9. Picture of 3x3x3 Array of Sensors [23]
6. Data
6.a) Outdoor and Indoor Environmental Conditions
44 different sensors are installed in and out of the east bedroom to interpret and
understand the indoor environment accurately and meticulously. The dry bulb temperatures
(𝑇𝑎 ) of the east bedroom is determined in 28 locations of the room: 27 temperatures in a
3x3x3 array of sensors and a center sensor stand. 6 Relative Humidity, 4 airspeed, and 6
globe temperature sensors are used in various locations of the room and an outdoor
temperature sensor measurement is analyzed correlated to indoor temperature. In this
section, the measurements from these sensors will be investigated based on Maryland’s
climate and mechanical ventilation systems inside of the east bedroom.
6.a.1) Comparison of Outdoor and Indoor Environmental Conditions
Indoor temperatures are detected at various heights and locations of the room. The
specific locations and product information of sensors are described in the section 5.b.1.
The daily variation of the indoor dry bulb temperature and relative humidity which are
measured at the center sensor stand and outdoor ambient temperature are represented in a
plot with different colors (Green: Room Temperature, Yellow: Outdoor Temperature, and
Blue: Relative Humidity). Left y-axis indicates the degree of temperature in F, and the right
y-axis indicates a relative humidity in percentage. The temperature variation graph is to
compare the indoor temperature and outdoor temperature in both months and to show that
temperature in the east bedroom was mostly maintained constant throughout the day. In
both months, the indoor temperature at the center sensor stand was maintained stable and
close to the setpoint temperatures which is 75 ℉ for cooling season and 70 ℉ for the
heating season. More data plots are provided in the Appendix A.1.
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Figure 10, Outdoor and Indoor Temperatures and Relative Humidity in East Bedroom on
July 9th (Left _ SDHV On) and July 24th (Right _ CDHP On)
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Figure 11. Outdoor and Indoor Temperatures and Relative Humidity in East Bedroom on
December 9th (Left _ SDHV On) and December 24th (Right _ CDHP On)
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6.a.2) Analysis of Indoor Environmental Conditions with the 3x3x3 array of sensors
The dry bulb temperature variation of east bedroom is analyzed using the 3x3x3 array
of temperature sensors. The section 5.b.1 contains detailed information of temperature
sensors. Daily variations of 3 dry bulb temperatures measured at different height of each
sensor stand are displayed with 4-hours and 12-hours interval. Each level of the sensors is
color-codded with different colors (Blue: High level, Orange: Middle level, and Gray: Low
level). Y axis varies based on the maximum and minimum temperatures of temperature
measurements at the certain period of time. The graphs of variation of temperatures at
3x3x3 array graphs are to display the indoor temperature over time and to detect
irregularity of temperature at specific location and height in the room.
In addition to the graphs decomposed by the height, the variation of temperature by
plane is shown in this study. Each level of 3x3x3 array contains 9 sensors and configuration
of sensors are described in the section 5.b.1. The daily transition of temperatures at 9
sensors are displayed every 4 hours at the high, middle, and low levels. In the graph, each
sensor stand is color coded with different colors: Blue for Stand 1, Orange for Stand 2,
Gray for Stand 3, Yellow for Stand 4, Sky Blue for Stand 5, Green for Stand 6, Navy for
Stand 7, Brown for Stand 8, Dark Gray for Stand 9. All data plots of temperatures at 3x3x3
array are presented in the Appendix A.2.

Figure 12. Dry bulb Temperatures at Each Level of Stand 4 July 15, 2017 (12-hours
interval)
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Figure 13. 9 Dry bulb Temperatures at Each Stand and at Different Level on July 15th 2017
from 8 am to 12 pm.
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6.b) Relative Humidity
Relative humidity (RH) is the ratio of water vapor in moist air to the total water vapor
capacity of the saturated moist air at the dew-point pressure and temperature [24]. Relative
humidity shows how much capacity of water vapor is filled in the air at the existing
temperature and pressure. At the higher RH environment, human feels more thermally
uncomfortable as the sweat from human body cannot evaporate as fast as usual when the
surrounding air is saturated. Additionally, both excessive and insufficient amount of
humidity can cause various health problems, respectively like allergies from mold growth
and irritation on throat and nose [25]. Therefore, RH is suggested to be managed under
60% inside, by Nevins et al [26].
In this research, relative humidity of the east bedroom is measured at the middle level
of stands 1, 3, 7, 8, and 9 and at the CS stand. RH measured at stands 1, 3, 7, 8, and 9 are
displayed in a graph to show the daily variation of RH in the east bedroom on both July
and December. The entire graphs are displayed in Appendix A.3 and each stand is colorcoded with different colors: Blue for Stand 1, Gray for Stand 3, Purple for Stand 7, Green
for Stand 8, and Pink for Stand 9. The RH measured at the CS stand is displayed with the
Outdoor and Indoor Environmental Conditions graph in section 6.a.1.
As the summer months have higher vapor concentration in the air, the RH on July is 10
to 20 % higher than RH in December. The RH at each stand is comparable, and they are
maintained below the 60% limit throughout the day. RH at stand 9 is usually slightly lower
than RH at the other stands. When either SDHV and CDHP air distribution systems inject
air into the room, the RH decreases about 5 to 10% and remains within the 30% to 60 %
range during July. However, in the morning time before the HVAC system operates, RH
exceeds the relative humidity limit slightly. It is because the morning air with cooler
temperature become saturated easier than the afternoon air with higher temperature with
the same amount of water vapors in it. RH during the CDHP operation is slightly lower
than the RH during the SDHV operation, but their difference is small. As the outdoor
temperature is lower during the winter months, relative humidity is within the range of
20% to 40 % RH. Regardless of the status of activation of HVAC systems, the relative
humidity in the east bedroom is under the relative humidity limit, 60% during the entire
December. Both CDHP and SDHV system slightly decrease relative humidity in
December, as well.
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Figure 14. RH at Stands 1,3,7,8, and 9 on July 1st (Left _ CDHP On) and July 11th (Right
_ CDHP On)
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Figure 15. RH at Stands 1,3,7,8, and 9 on July 21st (Left _ SDHV On) and July 31st
(Right _ SDHV On)
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Figure 16. RH at Stands 1,3,7,8, and 9 on December 1st (Left _ SDHV On) and December
11st (Right _ SDHV On)
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Figure 17. RH at Stands 1,3, 7,8, and 9 on December 21st (Left _ CDHP On) and
December 31st (Right _ CDHP On)
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6.c) Airspeed
3x3x3 array contains 4 air velocity sensors at the middle level (43. 31 in. from the floor)
of stands 1, 3, 5, and 8. Airspeed at each location is graphically represented to show the
airspeed variation in the east bedroom under the operation of different mechanical
ventilation systems: CDHP, SDHP, and HRV. The result of the entire July and December
2017 are displayed in the Appendix A.4 and measurements are color-coded by each sensor
stand: Blue for Stand 1, Gray for Stand 3, Orange for Stand 5, and Green for Stand 8). The
maximum airspeed limit is 40 fpm based on the ASHRAE Standard 55-2017 analytical
comfort zone method.
< July 2017 >
Airspeed in the east bedroom is greatly influenced by both CDHP and SCHP system
operating cycle. Airspeed fluctuated along with the cycle of air flow supplied from the
CDHV and SDHV supply air outlet. During the CDHP operation, airspeed at stand 8 is
generally higher than airspeeds at stands 1, 3, and 5 and more frequently exceeds the
maximum airspeed limit, 40 fpm. However, airspeed at stands 1, 3, and 5 is generally
within the maximum airspeed limit. It is because stand 8 is located right under two CDHP
and one HRV supply outlets on the top of the north side wall. On the other hand, the SDHV
system influences airspeed at stands 1 and 3 the most because the supplied air outlets with
higher velocities are located at three corners of the east bedroom, which is above the stand
1 and 3. Their airspeeds are slightly lower than the maximum airspeed limit of 40 fpm or
exceed 40 fpm less often than airspeed at stand 8 under the operation of CDHP system.
Stand 5 and 8 airspeeds are substantially lower than airspeeds at stands 1 and 3. Airspeed
at stand 5 is slightly higher than airspeed at stand 8 because it is closer to the airflow from
the SDHV system. When SDHV and CDHP air distribution systems do not supply air into
the room, the airspeeds at all stands are stably around 20 fpm.
< December 2017 >
During the heating season, lower airflow rate is injected into the room by both SDHV
and CDHP systems. On December 1st, the SDHV system was recorded as “ON” but it did
not actually supply any air into the east bedroom the whole day. Additionally, NIST
relocated stands 1, 3, and 8 on August 10th, 2017, and November 26th, 2017. Stands 1, 3,
and 8 were moved closer to the wall on August 10th and stand 1 and 3 were relocated back
to the original location on November 26th. As the stand 8 is relocated right under the two
CDHP supplied-air outlets and the airspeed sensor is installed in the middle level, air
around the stand 8 became less influenced by the operation of CDHP system. Therefore,
the airspeed at stand 8 has slightly decreased compared to the July airspeed measurements
under the operation of CDHP system. Similar to the July airspeed result, while the CDHP
operates, the airspeed sensor at stand 8 measures higher airspeed than at stands 1, 3, and 5.
Airspeed at stands 1, 3, and 5 maintain low airspeed under the maximum airspeed limit.
With the SDHV operation, airspeed at stands 1 and 3 occasionally exceeded the maximum
airspeed limit. Airspeed at stand 5 is little bit faster in December than in July, but airspeed
at stand 5 is still slower than stands 1 and 3. When both systems are not operating, the
constant low airspeed was detected at all airspeed sensors. As the entrance door in east
bedroom was opened during both months, unexpected airflow, from HRV or from outside
of the east bedroom, could have caused the irregularity of the airspeed.
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Figure 18. AS at Stands 1,3,5, and 8 on July 2017 (CDHP On)
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Figure 19. AS at Stands 1,3,5, and 8 on July 2017 (SDHV On)
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Figure 21. Airspeed at Stands 1,3,5, and 8 on December 2017 (CDHP On)
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Figure 20. AS at Stands 1,3,5, and 8 on December 2017 (SDHV On)
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6.d) Thermal Maps
A time-slice thermal map contains three temperature contour graphs of 3x3x3 array of
dry-bulb temperatures at a specific time in the east bedroom. This representation is to show
that the irregularities of temperatures were occurred in various locations of the 3x3x3 array
on both months, although the indoor temperatures were maintained consistent most of the
time. As the range of the temperature of a day is mostly less than 3.0 ℉, the irregular
temperature rises in certain sensors and certain levels with more than 2.5 ℉ - 3.0 ℉ and
2.0 ℉ - 2.5 ℉ are selected to be displayed on the time-slice thermal map. The unexpected
temperature rise is recorded and separated into six groups with 0.5 ℉ increments. At each
level of the 3x3x3 array, nine dry bulb temperatures are interpolated and plotted by using
the MATLAB code, “Thermalmap.m” The configuration of the thermal map is followed
by the top view of the room from the south side of the house. The x-axis distance and yaxis distance are 32 in. and 54 in., respectively. The limitation of the color bar varies at
distinct time because the maximum and minimum values of the 27 temperatures are
selected as the boundary of the color bar to show the amount of unexpected temperature
increase in the room. More thermal maps are included in Appendix C.

Figure 22. Time-Slice Thermal Map of Irregularity of Temperature with 2.0 ℉ - 2.5 ℉
Raise on July 31st and December 7th.
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Figure 23. Time-Slice Thermal Map of Irregularity of Temperature with 2.5 ℉ - 3.0 ℉
Raise on July 2nd and December 18th.
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6.e) Time Compressed Videos of Time-Slice Thermal Maps
The amination videos of the time-slice thermal maps in a certain level of the 3x3x3
array are generated to demonstrate the variation of 2.5 ℉ - 3.0 ℉ rise of temperature in the
east bedroom by using the MATLAB code, “Animation.m”. Time compressed video shows
the variation of temperature data points (considering interpolations) at a faster rate than at
the actual time flow rate. Transfer of temperatures data points with less than one-hour time
range is represented with 20 fps frame rate, resulting into a 5 to 7 second video. And the
transfer of temperature data points with longer than 1-hour time range is represented with
60 fps /100 fps frame rate into a 10 to 20 second videos. Each video title describes the
specific date, time, and level of the 3x3x3 array. The list of time-compressed videos of
time-slice thermal maps is detailed in Appendix G.

Figure 24. Screenshot of a Time Compressed Video on December 26th.
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6.f) 3D Models and Videos of the East Bedroom
3D models of the east bedroom and sensor stands are created by using the Solidworks
software. The design and size of the room and appliances are based on the NIST
architectural plans. Each sensor is installed at each low (23.6 in), middle (43.3 in), and top
(66.9 in) level of the 3x3x3 array of sensors and 55.12 in of the center sensor stand. The
designs and dimensions of each sensor are based on the product designs from each
product’s manufactural website. The July and December configuration of the 3x3x3 stand
array is shown in two different assemblies. Additionally, flyover view videos of entire
room and 3x3x3 array of sensors are made with Solidworks camera function. The video
list is provided in appendix G.

Figure 25. Configuration of 3x3x3 Array of Sensors (Left: July 2017 and Right:
December 2017)
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Figure 26. Isometric, Partial View of East Bedroom with 3x3x3 Array of Sensors on July
2017 (Entrance door was open during both July and December)

Figure 27. Screenshot of Flyover View Video of East Bedroom, 3D model
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Figure 28. Screenshot of Flyover View Video of the 3x3x3 Array of Sensors
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6.g) Weekly Box-whisker Plot of Dry Bulb Temperature
Weekly box-whisker plots of temperatures at every 9 sensors in the middle level of the
3x3x3 array are created to demonstrate the range of the temperatures per week in the east
bedroom. Each box-whisker plot contains 60481 real-time data points of dry-bulb
temperatures at each 9 different sensor stands. The plot shows the mean temperature, ±
25th percentile of range from the mean temperature, maximum, and minimum temperature
per week. Additionally, setpoint temperatures for both the heating and cooling season in
the NZERTF are displayed on the plot to compare the setpoint temperature and range of
dry-bulb temperatures per week. The setpoint on heating season is 70 ℉ and setpoint
temperature on cooling season is 75 ℉. These graphs are created by using the Excel boxwhisker graph function. The box whisker plots for each month are provided in the
Appendix D.

Figure 29. Box-whisker Plot of Weekly Temperatures at Stand 1 (Top) and Stand 2
(Bottom) in July 2017
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Figure 30. Box-whisker Plot of Weekly Temperatures at Stand 1 (Top) and Stand 2
(Bottom) in December 2017
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6.h) Box-whisker Plot of PMV and PPD
Box-whisker plot of PMV and PPD at stands 1, 3, 5 and 8 shows the range of the PMV
and PPD results with mean, ± 25th percentile of range, maximum, and minimum
temperatures. The thermal comfort zone is specified with a blue transparent box on the
PMV box-whisker graph, and local discomfort and thermal comfort limit lines are
displayed on the PPD box-whisker graph for the reader to easily analyze the results. Boxwhisker plots are created by using the Excel box whisker graph function and color-coded
with the same color for each stand (Blue for stand 1, Orange for stand 3, Gray for stand 8,
and Yellow for stand 5). The box whisker plots of PMV and PPD of a day with different
clothing rates and different metabolic rates are shown in the Appendix E.

Figure 31. Box-whisker Plots of PMV and PPD at Stands 1,3,5 and 8 with 1.2 met and
0.61 clo on December 21st

Figure 32. Box-whisker Plots of PMV and PPD at Stands 1,3,5 and 8 with 1.2 met and
1.14 clo on December 21st
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Figure 33. Box-whisker Plots of PMV and PPD at Stands 1,3,5 and 8 with 1.7 met and
0.61 clo on December 21st

Figure 34. Box-whisker Plots of PMV and PPD at Stands 1,3,5 and 8 with 1.7 met and
1.14 clo on December 21st
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7. Results
7.a) Thermal Comfort
ASHRAE Standard 55 suggested various evaluation methods of thermal comfort in
different indoor circumstances. As NIST collected the real time measurements in an
isolated and relatively steady thermal environment with precise intervals during the entire
year, the long-term time-integrated analyses and PMV point-in-time (short term) analyses
methods are used to evaluate the thermal comfort in the east bedroom on the second floor
of the NZERT. The short-term analyses method with psychrometric chart is not included
in this thesis because the analysis is still in progress.
This section demonstrates the calculated results on 8 different simulation cases by using
the time-integrated analyses method. This method quantifies the number of hours in which
the east bedroom is not in thermal comfort zone (±0.5 PMV) during the occupied hours.
The exceedance is described through the weighted exceedance hours (WEH) which is the
number of occupied hours in which the occupied zone is outside of the thermal comfort
zone. WEH is calculated based on the Eq. 7. The probability of the WEH is calculated by
using the Eq.8, and it is represented on a plot.
𝑊𝐸𝐻 = ∑[𝐻𝑑𝑖𝑠𝑐 (|𝑃𝑀𝑉| − 0.5)]
[7]
𝑊𝐸𝐻

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑂𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝐻𝑜𝑢𝑟𝑠 ∗ 100

[8]

The daily percentages and numbers of PMV data points within the thermal comfort
zone are investigated by using the calculated PMV and PPD results on different simulation
cases. The 8 cases are explained in the Table 2. Percentage representations of the thermal
comfort and local thermal comfort are determined by calculating the number of PMV data
points that is within the range of ± 0.5 and divided by the total number of data points. The
total numbers of data points are 8640 points for stands 1, 3, and 8 and 1438 points for stand
5 results. The number of PMV points within the thermal comfort at stand 5 is plotted
separately from the other stands’ number of PMV data points because their total numbers
of data points is different. The difference in the total number of the data points is because
the stand 5 result is calculated by using the data from the CS stand which measured the
data at 1-minute intervals. Therefore, to determine the cumulative result in each month,
monthly PMV results in the thermal comfort are determined by averaging the daily data
points at each stands 1, 3, and 8. The average number of data points at stand 5 is multiplied
by 6 to match to the total number of data points at the stands 1, 3, and 8. Then, monthly
averaged data points at each stand are averaged to determine the monthly percentage of the
room within the thermal comfort zone. The results by each case are shown in Table 3. July
26th data was excluded in this study because NIST reported that the researchers should not
use the July 26th measurements because of the installation of conduit in the basement and
too many other deviations inside of the house throughout that day.
Table 2. List of cases used for the PMV and PPD prediction in the NZERTF
July
December
Case
1
2
3
4
5
6
7
8
Clothing Rate (clo)
0.36
0.57
0.36
0.57
0.61
1.14
0.61
1.14
Metabolic Rate
(met)

1.2

1.2

1.7

1.7

1.2

1.2

1.7

1.7
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7.a.1) Percentage of PMV Data Points within Thermal Comfort Zone per Day
Based on the evolution of thermal comfort based on the long-term time-integrated
analyses method, the Case 2 in July is the only circumstance that occupant will experience
thermal comfort inside of the east bedroom more than 90% of a day. The simulated
occupant with 0.36 clo is predicted to be within thermal comfort zone more than 55% of a
day on average. On the Case 4, the occupant is analyzed to experience thermal discomfort
about 88% of a day. Since the 1.7 met is “walking about” and 0.57 clo represents that
occupant is wearing thicker clothes or more layers of clothes than 0.36 clo, the PMV on
Case 4 is predicted to have a higher PMV and PPD result than the occupants on the Case
3. On the Case 4, only 11.22% of a day is within the PMV thermal comfort range of ± 0.5.
According to the averaged PMV values on July with different cases, the occupant’s average
PMV is generally within the ± 0.5 PMV, except the case with 0.57 clo and 1.7 met (Case
4). The averaged PMV on Case 4 is + 0.74 PMV, which represents a “slightly warm”
condition to the occupant. Therefore, the best cases for the occupants to be in thermal
comfort in the NZERTF is predicted to be the Case 2 during July.
In December, the PMV and PPD result with 1.2 met and 1.7 met shows the opposite
PMV results. An occupant on Case 7 is predicted to experience thermal comfort 96.62 %
of a day. However, when the occupant is assumed with Case 5, the person is within the
thermal comfort zone only 13.1 % of a day on average of PMV at all stand locations. On
the other hand, the simulated occupant on the Case 6 is within thermal comfort zone 93.26
% of the day, but with 1.7 met (Case 8), the occupant feels thermal discomfort 91.83 % of
a day in the east bedroom. This extreme result may be because the clothing rates and
metabolic rates are not properly assumed without considering the correlation of the outdoor
and indoor environments. Based on Table 4, the average PMV values on December is
within ± 0.5 PMV in Cases 6 and 7. The averaged PMV results on Case 5 is -0.84, which
describes that the occupant in the room feels slightly cool. The average of PMV results on
the Case 8 is 0.63 PMV, which represents that occupant feel slightly warm in the room.
Therefore, the simulated occupant with 1.2 met should wear thicker clothes that can
increase the clothing rate higher than 0.61 clo. On the contrast, the occupant with the 1.7
met is suggested to wear lighter clothes which contain lower clothing rate so that the
cumulative clothing rate can become lower than 1.14 clo. Detailed information of each
percentage on different circumstances is shown in the Tables 3 and 4.
7.a.2) Percentage of PMV Data Points within Local Thermal Comfort Limit per Day
As ASHRAE allows an additional 10 % of PPD on the 90% acceptability, local thermal
comfort analysis with 80% acceptability is benchmarked in this section. Based on the PMV
and PPD calculations, the east bedroom in NZERTF is generally within the 80%
acceptability for the occupants with 1.2 met. An occupant with 1.2 met is predicted to be
under the local thermal comfort limit more than 91.35% and 99.78% of a day respectively
with 0.36 clo (Case 1) and 0.57 clo (Case 2). Additionally, 95.70% of a day is within local
thermal comfort limit in Case 3, as well. However, the simulated occupant will be within
the local thermal comfort zone only 72.46% of a day in Case 7 throughout July. With the
1.7 met, July indoor environment is less often in local thermal comfort condition than the
simulated cases with 1.2 met because the metabolic rate is predicted too high for an
occupant to inhabit with higher clothing rate under the hot indoor environment. Based on
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thermal comfort analysis with the local thermal comfort acceptability, Child B is expected
to be within local thermal comfort most of the time in the NZERTF, except Case 5.
PMV results under 80% acceptability shows better results than PMV outcomes under
90% acceptability in December. The occupant with 0.61 clo is within the local thermal
comfort limit more than 48.60 % and 97.54% of a day respectively with 1.2 met and 1.7
met. The PMV results in Case 5 show that the simulated occupant is predicted to experience
much colder conditions compared to other cases in December. On the other hand, Child B
with 1.14 clo is within the local thermal comfort limit 97.54% and 88.22% of a day with
both 1.2 and 1.7 met respectively in December. The simulated occupant with 1.14 clo is in
the 80% acceptability of thermal comfort more often than occupants with 0.61 clo during
December on both 1.2 and 1.7 met cases. Even with the higher (1.14) clo and higher (1.7)
met in December climate, the PPV results are under the local thermal comfort limit more
than 88% of a day. Additionally, the percentage of the average number of PPD lower than
20% at Case 5 is 48.6%, which is 35.5% higher than the percentage of the average number
of PMV within the thermal comfort zone. Additionally, in Case 8, the percentage of PPD
is increased by 80.05% under the 80% acceptability. This indicates that the PPD results on
Cases 5 and 8 are mostly in the range of 10% and 20% of PPD in December. As the result,
during December, being in a condition with higher clo is suggested to the occupant,
especially if his/her metabolic rate is close or lower than 1.2 met, to feel thermally
comfortable in an environment with a 70 ℉ setpoint temperature.
Table 3. Table of Percentage of average number of PMV with thermal comfort and local
thermal comfort zone in July and December with different simulation cases.

July
December

0.36 clo
0.57 clo
0.61 clo
1.14 clo

Thermal Comfort
(PMV ±0.5, PPD < 10%)
1.2 met
1.7 met
68.71 %
56.21 %
93.28 %
11.22 %
13.10 %
96.62 %
93.26 %
8.17 %

Local Thermal Comfort
(PPD < 20%)
1.2 met
1.7 met
91.35%
95.70 %
99.78 %
72.46 %
48.60 %
97.54 %
97.54 %
88.22 %

Table 4. Table of Averaged PMV on each month with different simulation cases.

July
December

0.36 clo
0.57 clo
0.61 clo
1.14 clo

1.2 met
-0.39
0.045
-0.84
0.047

1.7 met
+ 0.47
+ 0.74
+ 0.07
+ 0.63

43

< 1.2 met TC>

Figure 35. Percentages of Hours when PMVs are within Thermal Comfort Zone per day
with different clo and 1.2 met in July 2017.

Figure 36. Percentages of Hours when PMVs are within Thermal Comfort Zone per day
with different clo and 1.2 met in December 2017.
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< 1.7 met >

Figure 37. Percentages of Hours when PMVs are within Thermal Comfort Zone per day
with different clo and 1.7 met in July 2017.

Figure 38. Percentages of Hours when PMVs are within Thermal Comfort Zone per day
with different clo and 1.2 met in December 2017.
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< 1.2 met >

Figure 39. Percentages of Hours when PMVs are within Local Thermal Comfort Limit
per day with different clo and 1.2 met in July 2017.

Figure 40. Percentages of Hours when PMVs are within Local Thermal Comfort Limit
per day with different clo and 1.2 met in December 2017.
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< 1.7 met >

Figure 41. Percentages of Hours when PMVs are within Local Thermal Comfort Limit
per day with different clo and 1.7 met in July 2017.

Figure 42. Percentages of Hours when PMVs are within Local Thermal Comfort Limit
per day with different clo and 1.7 met in December 2017.
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7.b) PMV Daily Results
PMV and PPD results are presented by using 3 different graphical methods in this
study. This section will use the graphs of PMV prediction at stands 1, 3, 5, and 8 in 8
different cases to analyze the thermal comfort in the east bedroom. Two other
representations are graphs of PPD prediction at stands 1, 3, 5, and 8 with 8 cases, and boxwhisker plot of PMV and PPD measurement at each stand. They are provided in Appendix
E and F.2. PMV variations at stand 5 were displayed separately from results at stands 1,
3, and 8 because results at stand 5 were predicted with 1-minute intervals, which provided
1438 data points per day. However, the total number of PMV values at stands 1, 3, and 8
was 8640 because of its 10-second intervals. All the graphs that present the result of PMV
and PPD were plotted with the distinct color for each stand (Blue for Stand 1, Orange for
Stand 3, Gray for Stand 8, and Yellow for Stand 5). The thermal comfort zone of ± 0.5
PMV range was displayed with the blue transparent box on each PMV result graph and
box whisker plots. Additionally, 90% acceptability and 80% acceptability were
respectively shown with “Thermal Comfort Limit” words on a green line and a “Local
Discomfort Limit” on a red line on the graphs that describe the daily PPD results. July 8th
and July 24th PMV results are compared in this thesis paper because July 8th indoor
environment was under the operation of SDHV system and July 24th was under the
operation of CDHP system.
7.b.1) July PMV Daily Result
< PMV results analysis based on SDHV and CDHP operations and July Case 1 and 2 >
The intermittent operating pattern and air flow velocity of both SDHV and CDHP air
distribution systems caused the fluctuation of PMV results in every sensor. PMV values at
stands 1 and 3 were decreased about 0.5 to 0.9 PMV scale when the SDHV system supplies
air into the room. PMV results at stand 5 was reduced less amount and PMV at stand 8
barely fluctuates during the SDHV operations. It is because stands 1 and 3 are placed below
the SDHV supply air outlets and stand 8 is farthest from the SDHV system outlets. While
SDHV system provides a constant airflow rate or when it is off, the PMV values are
constant or has very small fluctuation.
During the weeks that the CDHP system supplies air into the room, PMV scales
decrease about 0.5 to 1.0 PMV at stand 8 and about 0.2 PMV at stands 1, 3, and 5. PMV
results at stand 8 are lower and fluctuate substantially more than results at the other stands
because stand 8 is closer to the CDHP supply air outlets. When the CDHP does not operate,
PMV values at stand 8 with 0.36 clo are usually within the thermal comfort zone. 0.5
decrement of PMV through the CDHP operation usually causes thermal discomfort at stand
8 location in Case 1. In Case 2, PMV at stand 8 also decreases during the CDHP system
operation, but they are generally within the thermal comfort zone because higher clothing
rates reduce the convection heat loss in the room. When the CDHP system provides
constant airflow or when it is off, the PMV values are stable.
When two systems operated continuously in their operation weeks, they both caused a
small fluctuation in PMV results. However, when each of them supplied air intermittently,
the fluctuation of PMV under the CDHP operation was slightly bigger than the fluctuation
under the SDHV system operation. The intermittent operation of CDHP maintained the
room within the thermal comfort zone more frequently than the days when SDHV operates.
SDHV tended to provide a constant 70 cfm airflow rate once it was activated. As the
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reheated air was constantly injected into the room, the room temperature was maintained
closer to the setpoint temperature, 75 ℉. Therefore, when the occupant is assumed to be
with low clothing rate (0.36 clo) or a low metabolic rate (1.2 met) under the constant
operation of the SDHV system, the occupant is predicted to experience thermal discomfort
within -0.5 to -1.0 PMV range, in general. However, CDHP actuated every 30 to 45 minutes
during the morning and evening and actuated continuously from noon to later afternoon
due to the increase of outdoor temperatures. The hot room temperature was decreased
through the convection heat transfer with the cooled air from the CDHP air distribution
systems, and after 30 to 45 minutes of CDHP operation, the room temperature was heated
back to the original room temperature when the intermittent operation of CDHP system
was stopped. As the CDHP system intermittently stopped operating, the occupant in Case
1 did not experience thermal discomfort continuously. However, the SDHV system
continuously injected cooled air into the room and maintained lower temperature, the
occupant in Case 1 expressed -0.5 to -1.0 PMV more often during the week when the
SDHV system was operated than the week with the CDHP system. Therefore, with 1.2
met, the average number of PMV within the thermal comfort zone of a day is higher at
stands 1,3, and 5 when the CDHP operates than when SDHV provides continuously. The
Case 1 average number of PMV within ± 0.5 PMV at stands 1, 3 and 5 during the CDHP
operation are 7953, 7149, 1428 data points, however, Case 1 average number of PMV
within ± 0.5 at stands 1,3 and 5 during the SDHV operation is 4678, 4314, 1280 data points
out of 8640 total points for stands 1 and 3 and 1438 total data points for stand 5. The Case
2 average number of PMV within ± 0.5 PMV at stands 3 and 5 during the CDHP operation
is 8640, 1219.5 data points, however, the Case 2 average number of PMV within ± 0.5 at
stands 3 and 5 during the SDHV operation is 8268, 1108 data points out of 8640 total points
for stand 3 and 1438 total data points for stand 5. The PMV results at stand 1 on Case 2
was within thermal comfort the entire month.
However, PMV results at stand 8 shows the opposite results. Under the operation of
CDHP and SDHV system on Case 1, the average number of PMV within ± 0.5 at stand 8
was respectively 2962 and 4188.7 data. The Case 2 average number of PMV within ± 0.5
at stand 8 was respectively 7967 and 8353 data points. Therefore, more PMV results within
thermal comfort at stand 8 was detected on both Cases 1 and 2 during the days with the
SDHV system. The reason for this phenomenon is assumed to be because of the higher
fluctuation of PMV results at stand 8 during the CDHP system actuation. When the CDHP
system injected air, the PMV at stand 8 was decreased by 1.0 PMV scale. When the CDHP
system was paused, the PMV values were increased along with the increment of room
temperature. However, because the PMV values did not have enough time to recover back
to the PMV values that was detected at the other stands, the PMV results at stand 8 was
remained out of the thermal comfort zone more often during the weeks of CDHP system
activation. Additionally, although the SDHV operated continuously and kept the PMV
values in the lower scale at stand 8, more PMV data points were determined to be within
the thermal comfort during the SDHV operation time. Moreover, the SDHV system
generally did not perform during the morning and evening time, however, the CDHP
system actuated intermittently the entire day. Thus, the more frequently operated systems
caused the average number of PMV results within thermal comfort zone at stand 8 lower
during the weeks with CDHP system operation than the weeks under the SDHV system,
see Fig. 43 and 44.
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Figure 43. PMV Results at Stands 1, 3, and 8 with 0.36 clo and 1.2 met on July 20th
(SDHV On)

Figure 44. PMV Results at Stands 1,3, and 8 with 0.36 clo and 1.2 met on July 12th
(CDHP On)
< PMV results analysis based on SDHV and CDHP operations and July Case 3 and 4 >
July PMV graphs with 1.7 met are in similar pattern to the graphs with the 1.2 met. The
PMV results with both 0.36 clo and 0.57 clo were about 0.5 PMV higher with the 1.7 met
than 1.2 met. Like the results in Cases 1 and 2, both SDHV and CDHP systems operation
reduced the PMV values by 0.5 to 0.9 PMV scale. During the CDHP system activation,
PMV results at stand 8 were influenced the most and they fluctuate immensely along with
the supplied airflow from the CDHP system. Additionally, PMV outcomes at stands 1 and
3 were affected by the SDHV system operation more than PMV outcomes at stand 8 for
the same reason from the previous section. However, as the PMV results with 1.7 met were
generally 0.5 PMV higher than PMV results with 1.2 met, activation of SDHV and CDHP
systems decreased and maintained the PMV values within the thermal comfort zone with
0.36 clo. However, with the 0.57 clo, the occupant at stands 1 and 3 locations was mostly
in thermal discomfort in Case 4 although the SDHV and CDHP reduced the PMV scales.
Additionally, PMV results at stand 5 were generally out of thermal comfort in both Case 3
and 4, as seen in Fig 45 and 46. In Case 3, SDHV and CDHP systems presented the
comparable numbers of PMV results within the thermal comfort. Case 3 average numbers
of PMV results within ± 0.5 at stands 1, 3, and 5 were 5560, 5049, 107 data points during
the CDHP system and 5852, 5811, 351 data points during the SDHV. However, Case 4
average number of PMV within the thermal comfort zone indicated the exact opposite
results than Case 3. Especially, under the CDHP performance, PMV results at stands 1 and
5 were not within the ± 0.5 PMV thermal comfort zone at all in Case 4. PMV results in
stand 3 on the Case 4 was very low, as well. For the Case 4, the average number of PMV
results within ± 0.5 at stands 1, 3, and 5 during the CDHP operation was 0, 32, 0.5 data
points. For the Case 4, the average number of PMV within ± 0.5 at stands 1, 3, and 5 during
the SDHV operation was a little bit higher respectively 773, 1946, 1.3 data points out of
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8640 total points for stands 1 and 3 and 1438 total data points for stand 5. More PMV
values at stands 1 and 3 were within the thermal comfort zone when the SDHV was on
than when the CDHP was active because stands 1 and 3 were influenced more directly by
the SDHV supplied airflow. However, the CDHP system did not provide a huge PMV drop
to stand 1 and 3 because they are farthest from the CDHP outlets. Thus, the huge difference
on the average PMV numbers in thermal comfort was detected on the Case 4.

Figure 45. PMV Results at Stand 5 with 0.57 clo and 1.7 met on July 8th (SDHV On)

Figure 46. PMV Results at Stand 5 with 0.57 clo and 1.7 met on July 24th (CDHP On)

Table 5, Average number of PMV data points in thermal comfort at each stand and each
clo rate in July (Green highlight was used to indicated which air distribution system can
provide more average thermal comfort data points of a day at each stand in Case 1 to 4)
1.2 met
Stand 1
CDHP
SDHV
1.7 met
CDHP
SDHV

0.36 clo
Stand 3 Stand 8

Stand 5

Stand 1

0.57 clo
Stand 3 Stand 8

Stand 5

7953
4678

7149
4314

2962
4189

1428
1280

8640
8642

8640
8268

7967
8353

1220
1108

5560
5852

5049
5811

7270
6571

108
351

0
773

32
1946

3275
1715

0.5
1.1
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Figure 47. PMV Results at Stands 1, 3, and 8 with 0.36 clo and 1.2 met on July 8th
(SDHV On)

Figure 48. PMV Results at Stand 5 with 0.36 clo and 1.2 met on July 8th (SDHV On)

Figure 49. PMV Results at Stands 1, 3, and 8 with 0.36 clo and 1.7 met on July 8th
(SDHV On)

Figure 50. PMV Results at Stand 5 with 0.36 clo and 1.7 met on July 8th (SDHV On)
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Figure 51. PMV Results at Stands 1, 3, and 8 with 0.57 clo and 1.2 met on July 8th
(SDHV On)

Figure 52. PMV Results at Stand 5 with 0.57 clo and 1.2 met on July 8th (SDHV On)

Figure 53. PMV Results at Stands 1, 3, and 8 with 0.57 clo and 1.7 met on July 8th
(SDHV On)

Figure 54. PMV Results at Stand 5 with 0.57 clo and 1.7 met on July 8th (SDHV On)
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Figure 55. PMV Results at Stands 1, 3, and 8 with 0.36 clo and 1.2 met on July 24th
(CDHP On)

Figure 56. PMV Results at Stand 5 with 0.36 clo and 1.2 met on July 24th (CDHP On)St

Figure 57. PMV Results at Stands 1, 3, and 8 with 0.36 clo and 1.7 met on July 24th
(CDHP On)

Figure 58. PMV Results at Stand 5 with 0.36 clo and 1.7 met on July 24th (CDHP On)
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Figure 59. PMV Results at Stands 1,3, and 8 with 0.57 clo and 1.2 met on July 24th
(CDHP On)

Figure 60. PMV Results at Stand 5 with 0.57 clo and 1.2 met on July 24th (CDHP On)

Figure 61. PMV Results at Stands 1,3, and 8 with 0.57 clo and 1.7 met on July 24th
(CDHP On)

Figure 62. PMV Results at Stand 5 with 0.57 clo and 1.7 met on July 24th (CDHP On)
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7.b.2) December PMV Daily Result
Both air distribution systems activated less in December than in July. Thermal
Response Test (TRT) and Cooperative Research and Development Agreement (CRADA)
tests were proceeded in December, except December 11th. TRT test was a short-term
performance testing of Ground Source Heat Exchanger (GSHX) by using a heat pump
simulator that can control the GSHX thermal load and collect soil property data. TRT tests
happen every day in December, except December 11th, 12th, and days when CRADA tests
are implemented. TRT testing was processed in the basement, therefore, it was assumed
that the TRT test did not influence the indoor thermal environment of the east bedroom.
The CRADA tests were implemented from December 27th to December 31st. During the
CRADA test, the mixing fan was on at top of the stairs to mix Sulfur hexafluoride, SF 6,
faster. Since the entrance door of the east bedroom was open entire December, a lot of
variation on the indoor environment measurements may happen in the east bedroom.
Moreover, on December 29th, a Resistance Temperature Detector (RTD) conduit was
installed, and cables were pulled in the basement. Lastly, from December 22nd to
December 31st, the HRV system did not operate and on December 21st, the HRV system
was operated intermittently certain period and stopped functioning [27,3]. Therefore, many
irregular variations of indoor environment measurements are expected to be present in
December. Additional assistance from NIST on resource collection in December is needed
for the comparison of operations of SDHV and CDHP systems.
SDHV system provided air into the room usually on the morning intermittently and
mostly did not operate during the evening. Under the SDHV system, PMV values were
increased by 0.2 to 0.4 PMV. It was because the ambient temperature was increased
through the convection heat transfer between present air in the room and warm reheated
airflow from the air distribution systems. When the SDHV was active, PMV results at
stands 1 and 3 were increased more than PMV results at stand 8 because stands 1 and 3 are
located close to the SDHV supply air outlets. For the same reason, the PMV values
fluctuate more at stands 1 and 3 than at stand 8. PMV results at stand 1 in Cases 5 and 7
were generally within the thermal comfort zone. However, despite the SDHV operation,
PMV at stands 3,5, and 8 at Case 5 were usually not within the thermal comfort zone,
except December 5th and 6th. On these days, 80% of a day was unexpectedly within
thermal comfort zone at stands 1, 3, and 8. The specific reason for these results had not
been determined. However, at Case 6, PMV results at all stands were always within the
thermal comfort zone, except December 5th and 6th. When the SDHV system did not
provide air into the room, the PMV values were remained stable.
Like the SDHV system, the CDHP system was usually operated with a longer-term
intermittent pattern during the morning time in December. PMV results under the CDHP
operation showed comparable results to results under the activation of SDHV system. In
Case 5, PMV values at stand 1 were higher than PMV values at stands 3 and 8 with the
CDHP system, but all PMV results at stands 1, 3, and 8 were included in the thermal
comfort zone. However, Case 5 PMV results at stand 5 was not within the thermal comfort
zone when the CDHP was operated. In Case 6, PMV outcomes at stands 1, 3, 5, and 8 were
generally within the thermal comfort range. With 0.61 clo, PMV results within thermal
comfort zone at all stands are less than 5% of a day from December 27th to December 31st.
This discrepancy may be because of the CRADA test in the house or the installation of
some equipment in the house. The specific reason had not been determined. Therefore, the
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comparison of the average numbers of PMV data points in thermal comfort based on the
decomposition of PMV results by the air distribution systems were not demonstrated in
this section. Based on the Case 6, the December results with 1.2 met obviously indicate
that occupants should wear thicker clothes inside of the east bedroom.
December PMV results with 1.7 met is vastly opposite of the PMV results with 1.2 met.
In Case 7, PMV values at all stands were within the thermal comfort zone. However, Case
8 PMV results at all stands were in thermal discomfort except, December 1st and 8th. PMV
results with 1.14 clo were usually between 0.5 to 1.0 PMV, which represent slightly warm
conditions. Thermal discomfort with 1.14 clo may be because the occupant was doing more
active motion with ticker clothes on. Although SDHV and CDHP systems were operated,
PMV results did not decreased until the ± 0.5 PMV. SDHV system caused a slightly greater
reduction of the PMV results than the CDHP system did. Therefore, from December 7th to
December 17th, which is the period when SDHV was on in December, has a little bit more
PMV values within ± 0.5 when the clothing rate is 1.14 clo. In the contrast to the December
PMV results with 1.2 met, from December 27th to 31st, 10% of PMV results of a day at
stands 3 and 8 were within the thermal comfort zone and about 30% of PMV results of a
day is within thermal comfort at stand 5. Ultimately, only in Cases 6 and 7, the simulated
occupant will experience habitually in the thermal comfort inside of the east bedroom.
Table 6. Average number of PMV data points in thermal comfort at each stand and each
clo rate in December
1.2 met
Stand 1
CDHP
SDHV
1.7 met
CDHP
SDHV

0.61 clo
Stand 3 Stand 8

Stand 5

Stand 1

1.14 clo
Stand 3 Stand 8

Stand 5

2784
3340

436
1083

121
948

21
16

8492
7166

8640
7201

8640
7201

1437
1438

8422
8009

8628
8100

8640
8100

1382
1438

0
878

391
1170

212
560

167
226
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Figure 63. PMV Results at Stands 1, 3, and 8 with 0.61 clo and 1.2 met on December 11th (SDHV
On)

Figure 64. PMV Results at Stand 5 with 0.61 clo and 1.2 met on December 11th (SDHV On)

Figure 65. PMV Results at Stands 1, 3, and 8 with 0.61 clo and 1.7 met on December 11th (SDHV
On)

Figure 66. PMV Results at Stand 5 with 0.61 clo and 1.7 met on December 11th (SDHV On)
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Figure 67. PMV Results at Stands 1, 3, and 8 with 1.14 clo and 1.2 met on December 11th (SDHV
On)

Figure 68. PMV Results at Stand 5 with 1.14 clo and 1.2 met on December 11th (SDHV On)

Figure 69. PMV Results at Stands 1, 3, and 8 with 1.14 clo and 1.7 met on December 11th (SDHV
On)

Figure 70. PMV Results at Stand 5 with 0.57 clo and 1.7 met on December 11th (SDHV On)
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Figure 71. PMV Results at Stands 1, 3, and 8 with 0.61 clo and 1.2 met on December 30th (CDHP
On)

Figure 72. PMV Results at Stand 5 with 0.61 clo and 1.2 met on December 30th (CDHP On)

Figure 73. PMV Results at Stands 1, 3, and 8 with 0.61 clo and 1.7 met on December 30th (CDHP
On)

Figure 74. PMV Results at Stand 5 with 0.61 clo and 1.7 met on December 30th (CDHP On)
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Figure 75. PMV Results at Stands 1, 3, and 8 with 1.14 clo and 1.2 met on December 30th (CDHP
On)

Figure 76. PMV Results at Stand 5 with 1.14 clo and 1.2 met on December 30th (CDHP On)

Figure 77. PMV Results at Stands 1, 3, and 8 with 1.14 clo and 1.7 met on December 30th (CDHP
On)

Figure 78. PMV Results at Stand 5 with 0.57 clo and 1.7 met on December 30th (CDHP On)
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8. Discussions and Recommendations for Further Research
< Statistical and experimental uncertainty of sensors >
• Collection of indoor environmental parameters is precise and accurate enough to be
used for making a trustworthy and accurate prediction of the IEQ in NZERTF because
of the very precise measuring(reading) interval and low total uncertainties at 95%
confidence levels of 44 sensors. However, some sensor measurements were not
comparable to other sensor measurements detected near other sensors. For example,
dry bulb temperature at the CS stand were recorded about 2 ℉ higher than the dry bulb
temperatures at high, middle, and low levels of stands 4 and 5 only during July. As the
center sensor stand is located between stands 4 and 5 and detects the temperature at
55.12 in from the floor, its temperature should be close to the other surrounded sensors.
Higher dry bulb temperatures at the center stand may cause about 0.5 PMV higher
results than PMV results at stands 1, 3, and 8 in July.
• Additionally, every 6th airspeed reading at the middle level of stand 5 was matched to
each air speed at CS stand at the most similar starting time because their different
intervals cause their total numbers of data points different, and each stand begins
collecting data at different times. The total number of data points of a day at stand 5 is
8640 and at CS stand is 1438. Additionally, the airspeed of stand 5 was measure at
43.31 in. from the floor and airspeed of CS stand was measured at 55.12 in. from the
floor. Although distance between two air speed sensors is close enough, the prediction
of PMV results at the center of the room is not as accurate as the predictions at the other
stands. This way of combination of data points may result in higher percentage of errors
on the PMV and PPD calculations, as well. Thus, for higher accuracy and preciseness
of the study, every parameter required for the PMV calculation should be measured at
the same location, height, and with the same measuring(reading) interval.
< Thermal Comfort Prediction >
• The analytical comfort zone method from ASHRAE standard 55-2017 is suggested to
be used for the indoor environment with activity levels between 1.0 and 2.0 met and
average air velocity limit, 40 fpm. However, the present study does not include real
human occupancy inside of the house, and the simulated Child B was not scheduled to
stay in the east bedroom the entire day. Therefore, the PMV and PPD results in the
room were investigated with the assumption that Child B is in the east bedroom all the
time, even when the Child B heating box was not actuated. In this research, the thermal
comfort results when the indoor environment was not influenced by the human
simulation are included in the analysis of conclusive percentage of PMV data points
within the thermal comfort zone and described in the section 6. To achieve more
accurate results on PMV and PPD, results analysis suggested by ASHRA stand 552017 section 7.4.2.2 should be used with the data points that are measured when the
heating box is simulated. Section 7.4.2.2. method describes how to evaluate the thermal
comfort by quantifying the number of hours in thermal discomfort when the room is
occupied.
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As Child B was simulated with a heating box in a fixed location, an accurate
representation of a real human was not achieved in this research. The Child B simulator
emitted the constant 70W the entire day although Child B was scheduled to perform
different human activities like using laptops, sleeping, and walking around in the room.
70W power load for the heat emission was assumed as the human activity with 1.2 met
(standing, relaxed) and 1.7 met (walking about) in this study. However, as a simulated
occupant performs different activities in various locations in the room throughout the
day, a heating box should be designed to emit different power loads that can represent
various metabolic rates and move around the room to create a simulated environment
more comparable to the real-life scenarios. Therefore, the prediction from this study
may not qualify to compare as the real human thermal comfort prediction. Data
collection with the real human occupancy is suggested for more precise and accurate
prediction of thermal satisfaction in the house.
Based on the operation of CDHP and SDHV air distribution systems, thermal comfort
and local thermal comfort results of 8 different occupancy cases are demonstrated in
section 7.a. Two air distribution systems were continuously operated every other week
in July. The influences of each air distribution system on thermal comfort are
demonstrated most of the days in July because PMV results were not interrupted from
external testing and rearrangements of equipment by NIST, except July 26th. However,
in December, the SDHV system was operated first two weeks and CDHP was operated
during the rest of December. Additionally, December had more days with the variation
of indoor environment from TRT testing and CRADA testing by NIST. Moreover, the
HRV system was actuated with 45-minute intervals only during the first three weeks
of December, respectively the first and second weeks with the SDHV system and the
third week with CDHP system. This inconsistent operation of HRV system may be
because the CRADA test was proceeded in the NZERTF from December 27th to
December 31st. Although NIST did not specify if these tests directly affected the indoor
conditions or not, many irregularities on the PMV results show that it is not reasonable
to decompose PMV results based on the operation of the air distribution systems in
December. Therefore, the comparison of the two air distribution systems is not included
in section 6.b. For a better thermal comfort analysis based on the impact of different
air distribution systems at the summer and winter peak months, indoor environmental
parameters should be collected with similar alternating operation schedule of air
distribution systems on both months, like how NIST operated SDHV and CDHP
systems in July 2017.
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9. Conclusion
As thermal discomfort has a proportional relationship with the energy consumption for
space heating and cooling, thermal comfort should be achieved inside of a building for
occupant’s wellbeing and reduction of energy demand. Therefore, a designated space of
Net Zero Energy Residential Test Facility is investigated with the simulated occupancy to
determine the indoor thermal comfort of the house. Analytical Comfort Zone Method from
ASHRAE standard 55-2017 was used to calculate the Predicted Mean Vote and Predicted
Percentage of Dissatisfied in the east bedroom on the second floor on both July and
December of 2017. NIST installed a 3x3x3 array of sensors and a center sensor stand to
detect the required parameters for the comfort zone calculations. Thermal comfort on 8
cases of different simulated occupancy is determined by using a MATLAB code generated
based on the ASHRAE standard 55-2017 Appendix B. Thermal comfort zone (±0.5 PMV,
PPD < 10 %) and local thermal comfort limit (PPD < 20 %) from the ASHRAE standard
55-2017 are applied as the benchmarks. As a result, in Case 2, the simulated occupant is
predicted to be within the thermal comfort zone 93.28 % of a day in July. PPD results in
July from all cases are within local thermal comfort limit more than 91.35 % of a day,
except Case 4. Similarly, in December, the simulated occupant will experience thermal
comfort 93.26 % and 96.62 % of the daytime in Cases 6 and 7, respectively. Local thermal
comfort is habitually provided more than 88% of the daytime in Cases 6, 7, and 8. Based
on the analysis of the impact of SDHV and CDHP air distribution systems, both systems
contribute to the indoor environment to be within the thermal comfort zone, except Case 1.
In this case, the cooled air from each air distribution system decreases the PMV scales so
that the simulated occupant feels slightly cool inside of the room.
In addition to the analysis of PMV and PPD results at the stands 1, 3, 5, and 8 locations,
the variation of temperature at the 3x3x3 array of sensors was visualized into the time-slice
thermal maps and time-compressed video of the thermal map in this study. Time-slice
thermal maps present the temperatures at the 3x3x3 array of sensors at the exact time when
more than 2.0 - 2.5 ℉ and 2.5 - 3.0 ℉ of irregular temperature increase were detected in
both July and December of 2017. This indicates that parts of NZERTF had irregularity of
temperature despite its airtight envelope and highly insulated surfaces. This phenomenon
was usually spotted in the middle level of stand 8 in July and the low level of various stands
in December. December had more 2.0℉ - 3.0 ℉ irregular temperature rises in various
locations than July. Ultimately, although a 3x3x3 array of sensors detect irregular
temperature rises during both July and December, thermally satisfying conditions are
predicted to be maintained in the east bedroom of NZERTF in both months. If the simulated
occupant is considered with proper clo and met associated with the indoor environment,
the simulated occupant is habitually predicted to experience thermal comfort on both July
and December, according to the calculations performed in this study.
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11. Appendices
Appendix A. Outdoor and Indoor Environmental Conditions
Appendix A presents various graphs of measurements detected in and out of the NZERTF.
It obtains: 1) comparison between outdoor and indoor environmental conditions; 2) high,
middle, and low temperatures measured at 9 each stand in 3x3x3 array (4-hours and 12hours interval); 3) temperatures at 9 stands at each high, middle, and low level with 4-hour
interval; 4) relative humidity measured in the middle of 3x3x3 array of sensors; 5) airspeed
measured in the middle of 3x3x3 array of sensors.
As each graph are generated 62 times for both July and December, entire graphs on certain
days are included in the appendix. By the request, additional graphs and information can
be shared.
A.1) Outdoor and Indoor Environmental Conditions
A.2.1) 4 hours variation of temperatures at each stand
A.2.2) 12 hours variation of temperatures at each stand
A.2.3) Dry bulb Temperatures at 9 stands at each level
A.3) Relative humidity at stands1, 3, 7, 8, and 9
A.4) Airspeed at stands1, 3, 5, and 8
A.5) Mean Radiant Temperatures
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Appendix A.1) Outdoor and Indoor Environmental Conditions
Appendix A.1 presents the daily outdoor temperatures and dry bulb temperatures at CS
stand on both July and December. Relative humidity measured at the CS stand is plotted
on the secondary axis. Append A.1 only contains data from July 1st to July 4th. Entire July
and December data of the outdoor and indoor environmental conditions can be provided
upon request.

Figure A.1.1) East Bedroom Indoor and Outdoor Conditions on July 1st (CDHP On)

Figure A.1.2) East Bedroom Indoor and Outdoor Conditions on July 2nd (CDHP On)

Figure A.1.3) East Bedroom Indoor and Outdoor Conditions on July 3rd (SDHV On)

Figure A.1.4) East Bedroom Indoor and Outdoor Conditions on July 4th (SDHV On)
Appendix A.2) Dry bulb temperatures at 3x3x3 array of sensors
Appendix A.2.1 and A.2.2)
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Appendix A.2.1 and Appendix A.2.2 shows every 4 hours and 12 hours variations of dry
bulb temperatures at each stand in the 3x3x3 array of sensors, respectively. Each plot has
three graphs at each level of the stand. Append A.2.1 and A.2.2 only contains July 1st
temperatures data at every stand. Entire July and December data on dry bulb temperatures
at 3x3x3 array of sensors can be provided upon request.
Appendix A.2.3)
Appendix A.2.3 presents the temporal variation of 9 dry bulb temperatures at each level of
the 3x3x3 array with 4-hour interval. Three levels of the 3x3x3 array are labeled with Top,
Middle, and Low level and both July and December temperatures are graphically
represented. Append A.2.3 only displays temperatures on July 1st due to the huge number
of graphs per day. Entire July and December data on dry bulb temperatures at 3x3x3 array
of sensors by the level can be provided upon request.
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Figure A.2.1.1. 4 hours Dry bulb Temperatures at Stands 1(left) and 2(right) on July 1st
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Figure A.2.1.2. 4 hours Dry bulb Temperatures at Stands 3(left) and 4(right) on July 1st
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Figure A.2.1.3. 4 hours Dry bulb Temperatures at Stands 5(left) and 6(right) on July 1st
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Figure A.2.1.5. 4 hours Dry bulb Temperatures at Stands 7(left) and 8(right) on July 1st
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Figure A.2.1.4. 4 hours Dry bulb Temperatures at Stand 9 on July 1st

74

Figure A.2.2.1. 12 hours Dry bulb Temperatures at Stands 1(left) and 2(right) on July 1st

Figure A.2.2.2. 12 hours Dry bulb Temperatures at Stands 3(left) and 4(right) on July 1st

Figure A.2.2.3. 12 hours Dry bulb Temperatures at Stands 5(left) and 6(right) on July 1st
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Figure A.2.2.4. 12 hours Dry bulb Temperatures at Stands 7(left) and 8(right) on July 1st

Figure A.2.2.5. 12 hours Dry bulb Temperatures at Stand 9 on July 1st
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Figure A.2.3.1. Dry bulb Temperatures of 9 Stands at Top Level on July 1st
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Figure A.2.3.2. Dry bulb Temperatures of 9 Stands at Middle Level on July 1st
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Figure A.2.3.3. Dry bulb Temperatures of 9 Stands at Low Level on July 1st
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Appendix A.3) Relative Humidity at Stands 1, 3, 7, 8, and 9
Appendix A.3 presents the daily variation of relative humidity at stands 1, 3, 7, 8, and 9.
Partial relative humidity data in July (July 1st to July 4th) are included in Appendix A.3.
Entire July and December relative humidity variations are created, and they can be
provided upon request.

Figure A.3.1) Relative Humidity at Stands 1, 3, 5, 7, 8, and 9 on July 1st (CDHP On)

Figure A.3.2) Relative Humidity at Stands 1, 3, 5, 7, 8, and 9 on July 2nd (CDHP On)

Figure A.3.3) Relative Humidity at Stands 1, 3, 5, 7, 8, and 9 on July 3rd (SDHV On)

Figure A.3.4) Relative Humidity at Stands 1, 3, 5, 7, 8, and 9 on July 4th (SDHV On)
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Appendix A.4) Airspeed at Stands 1, 3, 5, and 8
Appendix A.4 presents the daily variation of airspeed at stands 1, 3, 5, and 8 in both July
and December. Airspeed data from July 1st to July 4th are only displayed in Appendix A.4.
due to the huge number of graphs. Every graphical representation of airspeed can be
provided upon request.

Figure A.4.1) Airspeed at Stands 1, 3, 5, and 8 on July 1st (CDHP On)

Figure A.4.2) Airspeed at Stands 1, 3, 5, and 8 on July 2nd (CDHP On)

Figure A.4.3) Airspeed at Stands 1, 3, 5, and 8 on July 3rd (SDHV On)

Figure A.4.4) Airspeed at Stands 1, 3, 5, and 8 on July 4th (SDHV On)

81

Appendix A.5) Calculated MRT and Dry bulb Temperatures
Appendix A.5 presents the daily variation of mean radiant temperatures at stands 1, 3, 5,
and 8, respectively. The dry bulb temperatures are plotted together as the comparison. July
1st and July 2nd data are only displayed in Appendix A.5 due to the huge number of graphs.
Entire July and December data on mean radiant temperatures can be provided upon request.

Figure A.5.1) Calculated Mean Radiant Temperatures and Dry bulb Temperatures on
July 1st at Stand 1, 3, 5, and 8
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Figure A.5.2) Calculated Mean Radiant Temperatures and Dry bulb Temperatures on
July 1st at Stand 1, 3, 5, and 8
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Appendix B. Status of mechanical ventilation systems in July and December 2017
Appendix B shows the graphical representation of the monthly operation of CDHP or
SDHV air distribution system used in the east bedroom. Additionally, it contains graphs of
monthly operation of HRV air distribution systems and 2 tables of status of three
mechanical ventilation systems and occupancy schedules. The operations of CDHP and
SDHV systems are presented in Table B.1 for July and Table B.2 for December.

Figure B.2. Status of HRV system on December 2017

Figure B.1. Status of HRV system on July 2017
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Figure B.3. Status of Air Distribution Systems on December 2017

Figure B.3. Status of Air Distribution Systems on July 2017
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Table B.1 Status of Air distribution systems and Occupancy Schedule in July 2017

Date

(Actual)
Day of
the week

CDHP
status
(On/Off)

SDHV
status
(On/Off)

HRV
intermittent(I)
or constant
(C)

Comfort
Room
Door
open (O)
or shut
(S)

Comfort
Room
Heating
Emulator in
Room?
(Y/N)

Virtual
Family
Operating
Schedule

7/1/2017
Sa
On
Off
I
O
N
Saturday
7/2/2017
Su
On
Off
I
O
N
Saturday
7/3/2017
M
Off
On
I
O
N
Saturday
7/4/2017
T
Off
On
I
O
N
Saturday
7/5/2017
W
Off
On
I
O
N
Saturday
7/6/2017
Th
Off
On
I
O
N
Saturday
7/7/2017
F
Off
On
I
O
N
Saturday
7/8/2017
Sa
Off
On
I
O
N
Saturday
7/9/2017
Su
Off
On
I
O
N
Saturday
7/10/2017
M
On
Off
I
O
N
Saturday
7/11/2017
T
On
Off
I
O
N
Saturday
7/12/2017
W
On
Off
I
O
N
Saturday
7/13/2017
Th
On
Off
I
O
N
Saturday
7/14/2017*
F
On
Off
I
O
N
Saturday
7/15/2017
Sa
On
Off
I
O
N
Saturday
7/16/2017
Su
On
Off
I
O
N
Saturday
7/17/2017
M
Off
On
I
O
N
Saturday
7/18/2017
T
Off
On
I
O
N
Saturday
7/19/2017
W
Off
On
I
O
N
Saturday
7/20/2017
Th
Off
On
I
O
N
Saturday
7/21/2017
F
Off
On
I
O
N
Saturday
7/22/2017
Sa
Off
On
I
O
N
Saturday
7/23/2017
Su
Off
On
I
O
N
Saturday
7/24/2017
M
On
Off
I
O
N
Saturday
7/25/2017
T
On
Off
I
O
N
Saturday
7/26/2017*
W
On
Off
I
O
N
Saturday
7/27/2017
Th
On
Off
I
O
N
Saturday
7/28/2017*
F
On
Off
I
O
N
Saturday
7/29/2017
Sa
On
Off
I
O
N
Saturday
7/30/2017
Su
On
Off
I
O
N
Saturday
7/31/2017
M
Off
On
I
O
N
Saturday
*7/14: Changed the positions of the microwave emulator/heater and the IAQ sensor tree on the kitchen
island; concerned that output from humidifiers were too close to obtain a representative reading of the
relative humidity in the kitchen. Switched performed at approximately 3 pm. Balometer measurements of
range hood exhaust and clothes dryer exhaust also conducted.
*7/26: DO NOT USE DATA FOR THIS DAY. VOC sampling; normal HVAC operation; house
unoccupied for 4 hours during sampling; no dryer or kitchen exhaust; final installation of conduit at
basement; too much deviations for this day.
*7/28: Firmware on Unico SDHV heat pump updated; now using PID gains that result in slower
compressor ramp up.
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Table B.2 Status of Air distribution systems and Occupancy Schedule in December 2017

Date

(Actual)
Day of the
week

HP
status
(On/Off)

SDHV
status
(On/Off)

12/1/2017*
12/2/2017*
12/3/2017*
12/4/2017**
12/5/2017**
12/6/2017**
12/7/2017**
12/8/2017**
12/9/2017**
12/10/2017**
12/11/2017
12/12/2017**
12/13/2017*
12/14/2017*
12/15/2017*
12/16/2017*
12/17/2017*
12/18/2017*
12/19/2017*
12/20/2017*
12/21/2017*
12/22/2017*
12/23/2017*
12/24/2017*
12/25/2017*
12/26/2017*
12/27/2017**
12/28/2017**
12/29/2017**
12/30/2017**
12/31/2017**

F
Sa
Su
M
T
W
Th
F
Sa
Su
M
T
W
Th
F
Sa
Su
M
T
W
Th
F
Sa
Su
M
T
W
Th
F
Sa
Su

Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
On
Off
Off
On
On
On
On
On
On
On
On
On
On
On
On
On
On

On
On
On
On
On
On
On
On
On
On
On
On
On
On
Off
On
On
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off

HRV
intermittent
(I)
or constant
(C)
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I / Off
Off
Off
Off
Off
Off

Off
Off
Off

Comfort
Room
Door
open (O)
or shut
(S)

Comfort
Room
Heating
Emulator in
Room?
(Y/N)

Virtual
Family
Operating
Schedule

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N

Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday
Saturday

* TRT Test
**12/4/2017: Blower door testing completed. TRT Test - turned of heater. Circulating pump still on
**12/5/2017- 12/7/2017: House not been set up to use the normal emulation schedule. TRT Test - Circulating pump on.
**12/8/2017: second humidifier quickly cleaned and put back in service. Working in attic and on roof. TRT Test Circulating pump on.
**12/9/2017: 1st good day of normal operations with Unico operating. Snowed for much of the day. TRT Test Circulating pump on.
**12/10/2017: TRT Test - Circulating pump on.
**12/12/2017: Dryer reconnected to power; kitchen exhaust set from off to medium.
**12/27/2017:1:30 pm mixing fan on at top of stairs to encourage faster mixing of SF6. CRADA test day.
**12/28/2017: mixing fan on; CRADA test day; Al here but not interruption of PXI.
**12/29/2017: mixing fan on; CRADA transition day; RTD conduit install and cable pull in basement.
**12/30/2017 & 12/31/2017: CRADA test day; mixing fan on
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Appendix C. Thermal Maps
Appendix C presents temperature contour graphs at the 3x3x3 array of sensors when
the irregular temperature rise is bigger than 2.5 ℉ – 3.0 ℉ and 2.0 ℉ – 2.5 ℉. The
graphical presentation is generated by using a MATLAB doe shown in the Appendix
H.1 27 temperatures in 3x3x3 array is interpolated and graphically displayed within
the set range of color bar.
< Time Slice Map 2.5℉ -3.0 ℉ >
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< Thermal Slice Map with Temperature Difference 2.0℉ – 2.5 ℉ >
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Appendix D. Weekly Box-whisker plot of dry bulb temperature
Appendix D displays the statistical summary of dry bulb temperatures at the middle level
of every stand on both July and December by using the box-whisker plot method.
Setpoint temperatures on cooling and heating seasons are displayed on the graphs.

Figure D-1, 2, 3. Weekly Temperatures at Stands 1, 2, and 3 on July 2017

93

Figure D-4,5,6. Weekly Temperatures at Stands 4, 5, and 6 on July 2017
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Figure D- 7, 8, 9. Weekly Temperatures at Stands 7, 8, and 9 on July 2017
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Figure D-1, 2, 3. Weekly Temperatures at Stands 1, 2, and 3 on December 2017
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Figure D-4,5,6. Weekly Temperatures at Stands 4, 5, and 6 on December 2017
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Figure D- 7, 8, 9. Weekly Temperatures at Stands 7, 8, and 9 on July 2017
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Appendix E. Box-whisker plot of PMV and PPD
Appendix E presents a statistical summary of daily PMV and PPD results with every
simulated case at stand 1, 3, 5, and 8. PMV Thermal comfort zone is identified with a blue
transparent box on the graph and PPD thermal comfort and local thermal comfort limit is
indicated with red and blue lines, respectively. Appendix E only contains presentation of
PMV and PPD results on July 1st due to the huge number of graphs. This graphical
presentation on other days in July and December can be provided upon request.
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Figure E.1. July 1st Box Whisker Plot of PMV at each July cases.

Figure E.2. July 1st Box Whisker Plot of PPD at each July cases.
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Appendix F. Thermal Comfort
F.1) PMV Daily Result
Appendix F.1 shows the daily variation of PMV results in 8 cases of simulation. PMV
results at stands 1, 3, and 8 are presented together and PMV results at Stand 5 are separately
plotted due to their different number of total data points and different system time
acquisition series. Additionally, PMV Thermal comfort zone is identified with a blue
transparent box on the graph. Only July 1st PMV results are included in the Appendix F.1
because of the vast number of graphs for entire two months. PMV variation graphs on any
other days on July and December 2017 can be provided upon request.
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Figure F.1.1. PMV results with 1.2 met on July 1st

Figure F.1.2. PMV results with 1.7 met on July 1st
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F.2) PPD Daily Result
Appendix F.2 shows the daily variation of PPD results in 8 simulation cases. PPD results
at stands 1, 3, and 8 are presented together and PMV results at Stand 5 are separately plotted
due to their different number of total data points and different system time acquisition
series. The PPD with time series is presented on the primary y axis in %. The percentage
boundary is from 5% to 100% because the minimum PPD value is 5%. Additionally, PPD
Thermal comfort and local thermal comfort limits are identified with red and green lines
on the graph. Only July 1st PMV results are included in the Appendix F.2 because of the
vast number of graphs for entire two months. PPD variation graphs on any other days on
July and December 2017 can be provided upon request.

Figure F.2.1. PPD results with 1.2 met on July 1st
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Figure F.2.2. PPD results with 1.7 met on July 1st
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Appendix G. Animation files
Appendix G provides a list of animation videos of thermal map and 3D model of the east
bedroom. The List G contains time-compressed thermal map videos which shows the
transfer of temperatures in the 3x3x3 array of sensors when the irregular temperature
increase occurred in the east bedroom. Additionally, List G contains a flyover view video
of east bedroom and a flyover view video of 3x3x3 array of sensors. These data can be
provided upon request.
List G. Animation files directory
•

•

Time-compressed thermal map video with 2.5 ℉ to 3.0 ℉ temperature rise.
1. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_July 02.avi
2. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_July 25.avi
3. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 14.avi
4. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 18_12PM-2PM.avi
5. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 18_11AM-1PM.avi
6. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 19_11AM-1PM.avi
7. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 19_12PM-2PM.avi
8. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 26.avi
9. Net-Zero Energy Residential Facility Data_Yearim_Visualization_Video_2.53F_December 31.avi
Flyover view video of the east bedroom
1. Net-Zero Energy Residential Facility Data_Yearim_3D Model_3D view_room
asseem.avi
2. Net-Zero Energy Residential Facility Data_Yearim_3D Model_3D
view_3x3x3.avi
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Appendix H. MATLAB code
H.1. Thermal Map MATLAB code
Appendix H.1 shows the MATLAB code to generate a time-slice thermal map at the 3x3x3
array of sensors. Three temperature contour graphs are displayed together in one figure.
This code is used to generate the graphs in Appendix C. If the user inserts an Excel spread
sheet of temperatures based on time variation, the specific indices of time when the user
desires to create a thermal map should be hard coded in the line 23. The Excel spread sheet
should contains at least 27 data in a row to run the program. Both Inch-Pounds and
Systeme-International units can be used in this program.
% -------------------------------------------------------------------% ThermalMap.m
% -------------------------------------------------------------------% ThermalMap.m is a program to create a time-slice temperature contour
plot
% of 27 dry bulb temperatures measured at a 3x3x3 array of sensors
% -------------------------------------------------------------------% Yearim Yang
% Original: 08/18/2020
% Modified: 3/16/2021
% -------------------------------------------------------------------clear;
clc;
% Extract the temperature data points at the High, Middle, and Low of
3x3x3
% sensors from the IEQ excel files.
data = xlsread('0725 IEQ.xlsx');
t_db= data(:, 2:1:28); % extract dry blub temperatures only
sec = data(:,1)'; % time interval: 10 seconds
% Insert the time indices that user wants to create the plot with from
the excel spreadsheet.
% t = input("enter the number of row of requested time: ");
t = 3289;
% Find the temperature data at the requested time
% and create a 3x3x3 array of temperature at each level.
tH = t_db(t, 1:3:27);
row1 = [tH(3), tH(2), tH(1)];
row2 = [tH(6), tH(5), tH(4)];
row3 = [tH(9), tH(8), tH(7)];
H = [row1; row2; row3];
tM = t_db(t, 2:3:27);
row1 = [tM(3), tM(2), tM(1)];
row2 = [tM(6), tM(5), tM(4)];
row3 = [tM(9), tM(8), tM(7)];
M = [row1; row2; row3];
tL = t_db(t, 3:3:27);
row1 = [tL(3), tL(2), tL(1)];
row2 = [tL(6), tL(5), tL(4)];
row3 = [tL(9), tL(8), tL(7)];
L = [row1; row2; row3];
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% Set the temperature range of the color bar with the maximum and
minimum temperatures from the 27 temperatures.
A = [tH, tM, tL];
Max =max(A);
Min =min(A);
% Create the mesh based on the 3x3x3 array configuration.
x = [0 32 64];
y = [0 54 108];
% Plot the Time-slice thermal map at the high level.
figure(1)
subplot(1,3,1);
s = pcolor(x,y,H);
sgtitle("Time-Slice Thermal Map in the East Bedroom (12/31/2017,
9:08:09 AM)");
title("High level");
xticks([0 32 64])
yticks([0 54 108])
s.FaceColor = 'interp';
xlabel("x, in");
ylabel("y, in");
% Insert the sensor mark points on the figure.
hold on
text(x(1),y(1),'\bf
S3','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(2),y(1),'\bf
S2','HorizontalAlignment','center','VerticalAlignment','bottom','Color'
,[0.4,0.4,0.4]);
text(x(3),y(1),'\bf S1','HorizontalAlignment',
'right','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(1),y(2),'\bf S6','Color',[0.4,0.4,0.4]);
text(x(2),y(2),'\bf S5','HorizontalAlignment',
'center','Color',[0.4,0.4,0.4]);
text(x(3),y(2),'\bf S4','HorizontalAlignment',
'right','Color',[0.4,0.4,0.4]);
text(x(1),y(3),'\bf
S9','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(2),y(3),'\bf S8','HorizontalAlignment',
'center','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(3),y(3),'\bf S7','HorizontalAlignment',
'right','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
% Create the color bar with jet color contour and proper temperature
range.
h = colorbar;
colormap(jet)
lim = caxis;
caxis([Min Max]);
% Plot the Time-slice thermal map at the middle level.
subplot(1,3,2);
s = pcolor(x,y,M);
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title("Middle level");
xticks([0 32 64])
yticks([0 54 108])
s.FaceColor = 'interp';
xlabel("x, in");
ylabel("y, in");
% Insert the sensor mark points on the figure.
hold on
text(x(1),y(1),'\bf
S3','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(2),y(1),'\bf
S2','HorizontalAlignment','center','VerticalAlignment','bottom','Color'
,[0.4,0.4,0.4]);
text(x(3),y(1),'\bf S1','HorizontalAlignment',
'right','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(1),y(2),'\bf S6','Color',[0.4,0.4,0.4]);
text(x(2),y(2),'\bf S5','HorizontalAlignment',
'center','Color',[0.4,0.4,0.4]);
text(x(3),y(2),'\bf S4','HorizontalAlignment',
'right','Color',[0.4,0.4,0.4]);
text(x(1),y(3),'\bf
S9','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(2),y(3),'\bf S8','HorizontalAlignment',
'center','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(3),y(3),'\bf S7','HorizontalAlignment',
'right','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
% Create the color bar with jet color contour and proper temperature
range.
h = colorbar;
colormap(jet)
lim = caxis;
caxis([Min Max]);
% Plot the Time-slice thermal map at the low level.
subplot(1,3,3);
s = pcolor(x,y,L);
title("Low level");
xticks([0 32 64])
yticks([0 54 108])
s.FaceColor = 'interp';
xlabel("x, in");
ylabel("y, in");
% Insert the sensor mark points on the figure.
hold on
text(x(1),y(1),'\bf
S3','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(2),y(1),'\bf
S2','HorizontalAlignment','center','VerticalAlignment','bottom','Color'
,[0.4,0.4,0.4]);
text(x(3),y(1),'\bf S1','HorizontalAlignment',
'right','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(1),y(2),'\bf S6','Color',[0.4,0.4,0.4]);
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text(x(2),y(2),'\bf S5','HorizontalAlignment',
'center','Color',[0.4,0.4,0.4]);
text(x(3),y(2),'\bf S4','HorizontalAlignment',
'right','Color',[0.4,0.4,0.4]);
text(x(1),y(3),'\bf
S9','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(2),y(3),'\bf S8','HorizontalAlignment',
'center','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(3),y(3),'\bf S7','HorizontalAlignment',
'right','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
% Create the color bar with jet color contour and proper temperature
range.
h = colorbar;
colormap(jet)
lim = caxis;
caxis([Min Max]);
% Insert a coordinate system at the left bottom of the figure.
xa = [0.05 0.05];
ya = [0.05 0.15];
annotation('textarrow',xa,ya,'String', 'y ', 'VerticalAlignment',
'bottom','HorizontalAlignment', 'left')
xb = [0.05 0.075];
yb = [0.05 0.05];
annotation('arrow',xb,yb)
xc = [0.05 0.065];
yc = [0.05 0.14];
annotation('textarrow',xc,yc, 'String', '
z
x',
'VerticalAlignment', 'top','HorizontalAlignment', 'right')
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H.2. PMV Calculation MATLAB code
Appendix H.2 shows the MATLAB code that was used to calculate the PMV and
PPD. This code is based on the ASHRAE standard 55-2017 Appendix B. This program
does not allow I-P unit inputs because the algorithm is implemented in SI units. Indices of
clothing rate (Icl) and Metabolic rate (M) and length of the array must be hard coded to
𝑊
complete the program. The external work(W) is set as 0 𝑚2 since the occupant is assumed
to be standing or walking about constantly. The water vapor pressure is calculated by using
the relative humidity data. The clothing temperature of the insulated human body is
calculated through the iteration method. The PMV result was compared with online thermal
comfort tools: “Calculation of Predicted mean Vote (PMV) and Predicted Percentage
Dissatisfied (PPD)” generated by Chuansi Gao and “CBE Thermal Comfort Tool” by
Tartarini et al. [28, 29]. This MATLAB code achieved corresponding results to the
benchmarked thermal comfort tools.
%---------------------------------------------------------------------% CalcPMV.m
%---------------------------------------------------------------------% CalcPMV.m is a program to calculate Predicted Mean Vote and Predicted
% Percentage of dissatisfied with a given simulated occupancy and
% surrounding conditions. Excel file provides 6 parameters required for
% PMV calculation. The code is based on the ASHRAE standard 55-2017.
% PMV is calculated in the SI unit.
% -------------------------------------------------------------------% Yearim Yang
% Original: 1/19/2021
% Modified: 2/7/2021
% -------------------------------------------------------------------clear;
clc;
% Extract the 6 parameters from the excel data.
[num, txt] = xlsread('0723PMV.xlsx', 'SI');
[num2, txt2] = xlsread('0723PMV.xlsx', 'Given');
% Create each vector of dry bulb temperature(Ta), mean radiant
temperature(MRT), relative humidity(RH), and
% airspeed(AS)from num array.
Ta = num(:,2:4);
MRT = num(:,5:7);
RH = num(:, 8:10);
AS = num(:, 11:13);
% Extract metabolic rate(M) and clothing rate(Icl) from num2.
Icl = num2(1:4);
M = num2(7);
W = 0;
MW = M-W;
%%
% Baic Parameter Calculation
% Calculate the clothing area factor(fcl).
fcl =zeros(8, 1);
for k =1:1: length(Icl)
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if Icl(k) > 0.078
fcl(k) = 1.05 + 0.645*Icl(k);
else
fcl(k) = 1+ 1.29*Icl(k);
end
end
% Calculate the heat transfer coef. by forced convection.
hcf = 12.1.*sqrt(AS);
%%
% Convert Ta and MRT in C degree to Kelvin degree.
TaK = Ta +273;
MRTK = MRT +273;
% Preallocate output vectors.
TclK = zeros(1000,1);
xN =zeros(1000, 1);
xF =zeros(1000, 1);
hc =zeros(1000, 1);
hcn =zeros(1000, 1);
HL3 =zeros(1000, 1);
HL4 =zeros(1000, 1);
HL56 =zeros(1000, 1);
% Calculate surface temperature of clothing by iteration.
% Depend on the months and clothing rate that user desire to determine,
% hardcode the indexing values of Icl and fcl vector.
for n = 1 : 3
for k = 1: 1: 8640
TclK(k,n) = TaK(k,n)+ (35.5-Ta(k,n))./(3.5*(6.45*Icl(2)+0.1));
P1 = Icl(2)*fcl(2);
P2 = P1 *3.96;
P3 = P1 *100;
P4 = P1 *TaK(k,n);
P5 = 308.7 - (0.028*MW) + (P2 .*(MRTK(k,n)/100)^4);
% Iteration.
xN(k,n) = TclK(k,n)/100;
m = 0;
tol = 0.00015;
xF(k,n) = xN(k,n);
itermax = 150;
while m < itermax
xF(k,n) = (xF(k,n)+xN(k,n))/2;
% Calculate heat transfer coef. by natural convection.
hcn(k,n) = 2.38*abs(100*xF(k,n) -TaK(k,n))^0.25;
if hcf(k,n) > hcn(k,n)
hc(k,n)= hcf(k,n);
else
hc(k,n) = hcn(k,n);
end
% Calculate the new X value.
xN(k,n) = (P5+(P4*hc(k,n))(P2.*(xF(k,n)^4)))/(100+P3.*hc(k,n));
% Determine if more iteration is needed or not.
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dif = abs(xN(k,n) - xF(k,n));
if dif < tol
break;
end
% If not, end
m = m+1;
end
if m > itermax
display("PMV = 9999!");
end
end
end
% Convert xN with K degree to C degree.
Tcl = 100.*xN -273;
%%
% Find the saturated vapor pressure.
FNPS = exp(16.6536-(4030.183./(Ta+235)));
Pa = RH * 10.*FNPS; %Pa

%kPa

%%
% Calculate the heat exchange by skin evaporation_ HL1.
HL1 =3.05*0.001*((5733-6.99*MW) -Pa);
% Calculate the heat loss by sweating (comfort)_ HL2.
if MW > 58.15
HL2 =0.42*(MW - 58.15);
else
HL2 = factorial(0);
end
%Calculate the latent respiration heat loss_ HL3.
% equals to the evaporative heat difference from breathing
for n = 1 : 3
for k = 1: 1: 8640
HL3(k,n) = 1.7*0.00001 *M.*(5867-Pa(k,n));
end
end
% Calculate the Latent respiration heat loss_ HL4.
for n = 1 : 3
for k = 1: 1: 8640
HL4(k,n) = 0.0014*M.*(34-Ta(k,n));
end
end
% Calculate the heat loss by radiation and convextion _ HL5&6.
for n = 1 : 3
for k = 1: 1: 8640
HL56(k,n) = (3.96*fcl(2).*(xN(k,n)^4 - (MRTK(k,n)/100).^4)) +
(fcl(2)*hc(k,n).*(Tcl(k,n)-Ta(k,n)));
end
end
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%%
% Calculate the thermal senstation trans. coef.
TS = 0.303*exp(-0.036*M) + 0.028;
% Calculate the Predicted Mean Vote (PMV).
PMV = TS.*(MW-HL1-HL2-HL3-HL4-HL56);
% Calculate the Predicted Percentage of Dissatisfied (PPD).
PPD = 100 -95.*exp(-0.03353*PMV.^4-0.2179*PMV.^2);
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H.3. Time-compressed Thermal Map Video MATLAB code
Appendix H.3. displays the time-compressed video MATLAB code to show the transfer of
temperatures at 3x3x3 array of sensors. The list of videos generated by this code is stated
in Appendix G. The frame rate should be hard coded depending on the length of video that
user desires to create. The same format of IEQ files that were used for ThermalMap
MATLAB code can be used in this program.
% -------------------------------------------------------------------% Animation.m
% -------------------------------------------------------------------% Animation.m is a program to create a time-compressed video of
% time-slice thermal map with 27 dry bulb temperatures measured at the
% 3x3x3 sensor array over the requested time.
% -------------------------------------------------------------------% Yearim Yang
% Original: 03/5/2021
% Modified: 3/12/2021
% -------------------------------------------------------------------clear;
clc;
% Extract the temperature data points at specific level of 3x3x3 array,
that the user wants to create the thermal video with, from the IEQ
excel files.
data = xlsread('0725 IEQ.xlsx');
t_db= data(:, 2:1:28);
sec = data(:,1)';
% Insert the range of the time indicies that the user wants to create a
% time-compressed video.
t = [2701:1:2881];
% Create a vector that includes 9 temperature data at the desired
level.
tM = t_db(t, 2:3:27);
% Create a file to save the video.
obj = VideoWriter('ThermalMapAnimation.avi');
obj.Quality = 80;
obj.FrameRate = 20;
open(obj);
for k = 1: 1 : length(t)
row1 = [tM(k,3), tM(k,2), tM(k,1)];
row2 = [tM(k,6), tM(k,5), tM(k,4)];
row3 = [tM(k,9), tM(k,8), tM(k,7)];
H = [row1; row2; row3];
% Create the mesh based on the 3x3x3 array configuration.
x = [0 32 64];
y = [0 54 108];
% Plot the Time-slice thermal map.
s = pcolor(x,y,H);
s.FaceColor = 'interp';
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title('Time-Slice Thermal Map at Middle Level (07/25/2017 7:30:07AM 8:0:07AM)','FontSize', 10.3);
% Indicate x-axis and y-axis values and title.
xticks([0 32 64])
yticks([0 54 108])
% Insert the sensor mark points on the figure.
hold on
text(x(1),y(1),'\bf
S3','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(2),y(1),'\bf
S2','HorizontalAlignment','center','VerticalAlignment','bottom','Color'
,[0.4,0.4,0.4]);
text(x(3),y(1),'\bf S1','HorizontalAlignment',
'right','VerticalAlignment','bottom','Color',[0.4,0.4,0.4]);
text(x(1),y(2),'\bf S6','Color',[0.4,0.4,0.4]);
text(x(2),y(2),'\bf S5','HorizontalAlignment',
'center','Color',[0.4,0.4,0.4]);
text(x(3),y(2),'\bf S4','HorizontalAlignment',
'right','Color',[0.4,0.4,0.4]);
text(x(1),y(3),'\bf
S9','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(2),y(3),'\bf S8','HorizontalAlignment',
'center','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
text(x(3),y(3),'\bf S7','HorizontalAlignment',
'right','VerticalAlignment','top','Color',[0.4,0.4,0.4]);
% Create the color bar with jet color contour and hardcode the proper
% temperature range.
h = colorbar;
colormap(jet)
caxis([76.5 80]);
xlabel("x, in");
ylabel("y, in");
% Insert a coordinate system at the left bottom of the figure.
xa = [0.035 0.035];
ya = [0.035 0.12];
annotation('textarrow',xa,ya,'String', 'y ', 'VerticalAlignment',
'bottom','HorizontalAlignment', 'left')
xb = [0.035 0.095];
yb = [0.037 0.035];
annotation('arrow',xb,yb)
xc = [0.035 0.065];
yc = [0.037 0.11];
annotation('textarrow',xc,yc, 'String', ' z
x',
'VerticalAlignment', 'top','HorizontalAlignment', 'right')
f = getframe(gcf);
writeVideo(obj,f);
%pause (0.2)
end
obj.close();

